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ABSTRACT
Multicomponent signals are complex stimuli directed to receptors of only single 
modality. Colourful ornaments of animals are multicomponent signals. In this 
thesis I present results of studies on the origin of coloration in turtles and 
squamate reptiles together with notes on relativistic view of the functionality of 
animal coloration. The results show that turtle coloration, which have been 
studied only marginally until now, is shaped by sexual selection. It is shown that
turtles share mechanisms of coloration by vertical organization of different 
pigment cell types together with squamate reptiles. Turtles also produce colour 
by organization of collagen fibres which share trait with birds and mammals. 
Mechanisms of body coloration differ dramatically between closely related 
turtle species studied even though the individual constituting components are 
shared among these species. On the example of polymorphic lizards, it is shown 
that qualitative categorical difference between groups of individuals of the 
same population are maintained based on quantitative changes in pigment 
contents regulated by ancient loci shared by different species. The turtles and 
reptiles are valuable source of our knowledge on the evolution of 
multicomponent visual signalling due to their intriguing composition of skin. 
Transition from monocomponent-like understanding of colour signals as 
indicators, to study of multicomponent signalling as dynamical relativistic
processes may represent promising direction in study of animal communication
in the future.
Key words: Body coloration, pigmentation, biosemiotics, multicomponent 
signalling, chelonia, reptilia.
ABSTRAKT
Multikomponentní signály jsou komplexn podněty, sestávající se z mnoha 
součástí, vnímané pouze jedním smyslovým orgánem. Barevné vzory na tělech 
živočichů mohou fungovat právě jako multikomponentní signály. Tato práce
zahrnuje výsledky studijí zabývající se způsoby pordukce barvy na povrchu těl 
želv a šupinatých plazů společně s poznámkami o relativistickém pojetí funkce
takových barevných povrchů těl živočichů. Výsledky ukazují, že zbarvení želv, 
kterému byla do současnosti věnována pouze malá pozornost, je pod vlivem 
působení pohlavního výběru. Zbarvení želv je stejně jako zbarvení šupinatých 
plazů výsledkem upořádání různých typů pigmentových buněk v kůži. Želvy však 
mohou produkovat barvu svých těl také pomocí uspořádání vláken kolagenu 
v kůži, což je jev známý pouze u ptáků a savců. Mezi zkoumanými druhy se 
mechanismy produkce barvy povrchu těla výrazně liší, přestože jsou jednotlivé 
složky utvářející zbarvení mezi těmito druhy sdílené. Na příkladu polymorfních 
jěšterek je ukázáno, že kategorické rozdíly v barvě jednotlivých morf vznikají ve 
skutečnosti na základě kvantitativních rozdílů v obsahu jednotlivých pigmentů. 
Kvantita těchto pigmentů je však regulována dvěma konzervativními úseky
DNA, které jsou sdílené mezi barevnými morfami napříč různými druhy. Želvy a 
plazi nabízejí užitečný pohled na evoluci multikomponentní signalizace, právě 
díky názornému a zajímavému složení jejich kůže. V rámci teoretického pojetí 
signalizace mezi živočichy se jeví přechod od chápání barevných povrchů jako
jednoznačných signálů kvality ke konceptu multikomponentních dynamických 
procesů, které nabývají význam skrze interakce jedinců, jako slibným krokem 
pro lepší uchopení podstaty zvířecí komunikace.
Klíčová slova: Zbarvení, pigmentace, biosémiotika, multikomponentní 
signalizace, želvy, plazi

CONTENTS
1 INTRODUCTION
We are now at a point where we are beginning to understand that the 
mechanisms which underlie traits and trait functions are not necessarily related 
hierarchically, that they are not controlled unidirectionally by the quantity of
their constituent parts or driven by the superiority of some processes over
others. We are beginning to realise that the relations between various levels of 
organisation may be in their very nature heterarchical. That would imply that in 
biological systems, the levels of organisation are not universal and
characterised by a strictly vertical organisation of constituent structures. 
Rather, we should perhaps think of the levels of organisation in terms of 
relational units which team up to build up other levels of organisation (Bruni 
and Giorgi 2015). The current view of ontogenetic and evolutionary processes 
emphasises the need to understand not only the categories of constituent parts 
of processes, but also – and especially – their complex and dynamic 
interactions, which in particular contexts and on many levels of biological 
organisation lead to a synergy of function and form (Gjuvsland et al. 2013; 
Jaeger and Monk 2014).
Of course, most morphological, physiological, and behavioural traits are 
composed of multiple components. Even single-celled organisms contain 
multiple organelles. A discussion about differences between multicomponent
and monocomponent traits might appear beside the point because the latter 
may seem hard to find in nature. In animal communication, however, even a 
single odorant molecule may bind to a specific receptor and trigger a response
(Buck and Axel 1991). A sound of specific frequency produced by a whale and 
travelling through water can be viewed as monocomponent (Cohen 1992). 
Before proceeding, we should therefore see what a multicomponent 
signal actually is and how does it differ from a multimodal signal.
Multicomponent signals consist of complex inputs to single-modality receptors 
(i.e. vision, hearing, smell, or touch). Multimodal or polymodal signals, on the 
other hand, simultaneously activate multiple receptors belonging to different 
modalities (Rowe 1999; Candolin 2003). Yet although the distinction between 
multicomponent and multimodal signals has been clearly spelled out almost 
twenty years ago, many scholars still use the terms interchangeably. It is 
therefore useful to specify that in the following, we will understand 
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multicomponency to mean a multilevel interplay of various levels of 
organisation of signals directed at receptors of just one modality.
Animal colouration is a complex multicomponent morphological trait
that exists on multiple levels of organisation, its component subunits evolve for 
various roles and may later be co-opted for communication or other functions 
(Maran and Kleisner 2010; Kleisner 2011, 2015). Functionality of colouration in
epigamic displays, warning signals, mimicry, or cryptic colouration, is 
significantly co-determined by the relevant organisms’ perception and 
cognition (Chittka and Brockmann 2005; Ryan 2011; Prum 2012; Ryan and 
Cummings 2013; Endler and Mappes 2017). Animal colouration is an interesting 
and intriguing model to investigate if we want to better understand the
interface between complementary processes, appearance, and perception.1
1.1 Visual signalling in reptiles
In reptiles, the role of communication and other behaviours has long been 
underestimated. Reptiles do, however, share many traits with birds and 
mammals, including sophisticated communication, problem solving, parental 
care, play, and complex sociality. For instance, Leal and Powell (2011) show
that lizards Anolis evermanni exhibit some unexpected behavioural flexibility –
traditionally ascribed mostly to birds and mammals – such as ability to solve
novel motor tasks using multiple strategies, reversal learning, and rapid 
associative learning. Noble et al. (2014) have demonstrated that if a conspecific 
demonstrator is used, young male skinks (Eulamprus quoyii) learn to solve 
novel instrumental and association tasks faster than the adults do. Turtles can
learn by observation of conspecifics and they retain these skills for a long time 
even in absence of any contact with the relevant stimuli (Davis and Burghardt 
2012). 
It used to be generally assumed that many complex behaviours which
are in mammals and birds linked to maternal care and social behaviour of
juveniles are in reptiles highly exceptional. Yet reptiles that guard their nests do 
exhibit highly advanced forms of parental behaviour (Rosenblatt 2003). Nest 
building and guarding is well-known for instance in king cobras (Ophiophagus 
hannah) (Veselovský 2005) (Figure 1a) and guarding of the neonates has also 
been documented in the females of rattlesnake Crotalus atrox (Price 1988).
1 For more detail on complementarity between colour production and colour
perception, see the attached STUDY 1 of this thesis.
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Nest guarding has been described in tortoises Gopherus agassizii (Agha et al. 
2013), while female mud turtles (Kinosternon flavescens) bury themselves along 
with their clutch of eggs and remain buried throughout the entire incubation 
period (Iverson 1990). In alligators and crocodiles, females defend their nests
during egg incubation and crocodile females even stay close to their nest for 
most of the incubation time. Towards the end of this period, hatchlings start to
vocalise, which prompts the female to aid the juveniles and the still unhatched 
animals are gently liberated from their eggs by the female’s jaws cracking the 
shell. The female then transports the hatchlings in her mouth to a nearby water 
source. Juveniles then stay with their mother for different lengths of time 
depending on the species and communicate by vocal signalling (Garrick and 
Lang 1977).
Moreover, various types of social behaviour in neonates are found 
across reptile taxa, a fact which challenges the alleged superiority of 
mammalian and avian behaviour patterns (Burghardt 1977). For instance, an
interesting case of social behaviour in hatchlings has been described in green 
iguanas (Iguana iguana), where juveniles from different clutches join and form 
complex social groups which migrate together (Burghardt et al. 1977). Paternity 
analysis of stable aggregations of gidgee skinks (Egernia stokesii) revealed that 
they live in family-based groups from early stages of ontogenesis throughout 
their lives. Upon reaching maturity, young gidgee skinks seek genetically 
unrelated partners and establish new family groups consisting of the next 
generation of individuals (Gardner et al. 2001). The fact that reptiles are 
capable of purposeless behaviour, such as play (Lazell and Spitzer 1977; 
Burghardt 2005), convincingly attests to reptiles’ highly developed cognitive 
abilities and a sense of agency. In crocodilians, scientists even described the use 
of tools (Dinets et al. 2015). (Figure 1b)
Many lizard species communicate visually by motions of their body 
parts. The frill display of the Australian frilled agama (Chlamydosaurus kingii) 
(Shine 1990) is one of nature’s most spectacular shows. (Figure 1c) Sagebrush
lizards (Sceloporus graciosus) perform push-up displays which involve body 
posture (flattening, arched back), head movements, and limb extension. Body 
postures form a strong and discrete signal, while head movements and leg 
extension are graduated, whereby different numbers of repetitions of leg 
movements or extensions take on different meanings depending on the 
situation (Martins 1994). Motion signals can also be used when the intended 
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Figure 1 shows a) King cobra (Ophiophagus hannah) guarding its nest, b) crocodile 
with sticks on his nose which he uses as a bait to capture herons during their nesting 
season, c) frilled agama (Chlamydosaurus kingii) during display. Pictures were kindly 
drawn for pourposes of this thesis by Kristýna Eliášová
a)
b)
c)
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addressee is somewhat distant from signaller or signals are addressed to group 
of conspecifics, such signals are called broadcast signals (Baird 2013). European 
wall lizards (Podarcis muralis) display various types of foot shakes, whereby one 
such specific foot shake is performed in antipredator context, that is, 
represents a case of heterospecific visual communication (Font et al. 2012).
Motion signals can also have multiple functions: this is the case of, for instance,
certain gestures and specific postures used by crocodilians to communicate 
with or avoid direct confrontation with conspecifics and to alert heterospecifics 
before attacking (Garrick and Lang 1977). Motion signals can also function as
mechanisms of species recognition (Ramos and Peters 2017) and evolutionary 
changes in motion patterns can lead to speciation (Martins et al. 1998).
In various reptile taxa, postures and gestures – such as head 
movement, dewlap extensions, lateral body compressions, and the like – are 
associated with the exposure of colourful patterns (Brattstrom 1974). Such 
behavioural exposure of colourful patches can be related to efforts to deter 
predators. The same probably holds of the flicking of a blue tongue performed 
by blue-tongued skinks (Tiliqua spp.) (Badiane et al. 2018), although it has been 
suggested that their conspicuous tongue flicking first evolved for intraspecific 
communication and was only later co-opted for its anti-predator function 
(Abramjan et al. 2015).
Intraspecific communication involving colouration includes intrasexual 
signalling during aggressive behaviour or during courtship. A good example of 
signalling during aggressive behaviour is found for instance in chameleons, who 
change colour during male-male combats and different colours of specific parts 
of the body convey different information (Ligon and McGraw 2013). After the
conflict is resolved, the chameleon who lost assumes a dark colour to indicate
submission (Ligon 2014). Non-dynamic colouration also plays a role in
intraspecific aggression. In has been shown, for instance, that the size of black 
lateral patches in conjunction with the colour of the ventrum is a good 
predictor of fighting success in captive common wall lizards (Podarcis muralis)
(Abalos et al. 2016). In spiny lizards (genus Sceloporus), we find two coexistent
visual displays. The first, rather non-dynamic signal, is the exposure of colourful 
belly patches during male-male aggressive behaviour. The second, dynamic 
motion signal, consists of head bobs used by spiny lizards in various contexts. It 
has been shown that spiny lizards who lost colourful belly patches (probably 
due to selection to decrease conspicuousness to predators) make greater use 
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of head bobs in male-male aggressive behaviour than species which do have
colourful bellies. Such species produce head bobs in more diverse signalling 
contexts (Martins et al. 2015), which suggests evolutionary compensation and 
interaction between the two types of signals of single modality (Martins et al. 
2015).
Sex-specific changes in colouration during the mating season are more
common in reptiles than in other vertebrates which highlights the importance 
colouration plays in reptile intersexual interactions (Olsson et al. 2013; Clark et 
al. 2017). On the other hand, however, different colouration of the sexes
(sexual dichromatism) in reptiles does not necessarily imply that colouration
plays a role in intersexual signalling. For instance, the females of Mallee dragon 
lizards (Ctenophorus fordii) mate unselectively with males of different colours, 
i.e. with males whose colour has been experimentally manipulated (Olsson 
2001). And in ornate tree lizards (Urosaurus ornatus), although the males have
variegated sexually dichromatic colour patches which correlate with the male’s
performance, the females of this species do not show preference for males of 
any particular colour (Smith and Zucker 1997). 
It would seem therefore that for colour to be functionally informative,
the intersexual signal must not only represent the qualities of its bearer but 
also influence choices made by opposite-sex conspecifics. Visual signalling by 
colourful body extremities can involve signalling by females towards the males 
(Clark et al. 2017) or by males towards the females (Ruiz et al. 2008). For 
instance, female striped plateau lizards (Sceloporus virgatus) during their 
reproductive period develop orange spots which may serve as a signal towards 
the males. The quality of these orange spots positively correlates with 
antioxidant contents of the egg yolk, which further affects the phenotype of the
offspring (Weiss et al. 2011). In this case, the males should be viewed as the 
selecting agents and in fact, male mate choice has been documented in lizards.
For example, although yellow male ornate tree lizards (Urosaurus ornatus)
show no preference for any particular colour in females, blue males of this 
species prefer yellow females to orange ones (Krohmaly et al. 2018). In another 
example of male choice, it has been observed that female Mediterranean 
chameleons (Chameleo chameleon) develop during the mating season yellow 
spots on their flanks. These spots thus possibly signal sexual receptivity. And 
indeed, chameleon males court females who developed yellow spots more 
often than females who did not develop them yet (Cuadrado 1998). 
6
Generally speaking, however, female mate choice seems prevalent, at 
least in lizards (Tokarz 1995). Female European green lizards (Lacerta viridis) 
prefer males whose throats reflect a higher intensity of UV light (Bajer et al. 
2010) and the same holds of female Brazilian whiptail lizards (Cnemidophorus 
ocellifer) (Lisboa et al. 2017). When female green anoles (Anolis carolinensis) 
are, in an experiment, presented with a choice between males with regular red
dewlaps (Figure 2) and males with manipulated dewlaps, they show preference 
for males with normal red dewlap. This preference is even more pronounced 
when the background, which influences the conspicuousness of the dewlap, is
experimentally manipulated (Sigmund 1983).
The evolutionary result of persistent mate choice, i.e. sexual selection, 
are differences between the sexes in the trait subject to such choice. In case of 
colour, the result is thus sexual dichromatism. To illustrate the role of sexual 
selection, sexual size dimorphism is often used as a proxy. In lacertids, the
magnitude of sexual size dimorphism positively covaries with magnitude of 
sexual dichromatism (Pérez I de Lanuza et al. 2013) and the same correlation
has also been found in iguanids (Ord et al. 2001). Sexual selection thus may play
a role in the evolutionary development of lizard colouration.
On the other hand, sexual size dimorphism is usually explained by 
pointing out that sexual selection for male size is mediated by intrasexual 
competition of males and noting that natural selection for female size is related
to fecundity (Cox et al. 2003). In lizards, correlation between sexual size 
dimorphism and sexual dichromatism may therefore be linked to just certain
trends in the evolution of colour which resulted from intrasexual selection, i.e.
from male-male competition. In most lizards, including lacertids and iguanidids, 
the males are larger than females (Cox et al. 2007). It may be that females can 
effectively choose mates only when the males are smaller or equal in size, 
because when the males are larger, females simply mate with winners of the
male-male competition. 
To better understand the relation between sexual size dimorphism and 
sexual dichromatism in relation to intersexual selection, we need to compare
taxa where female-biased and male-biased sexual size dimorphism are either
balanced or females are mostly larger than males. Therefore, we must seek 
other group to study other than lizards, which have male-biased sexual size 
dimorphism. Male crocodiles are as a rule larger than female crocodiles (Cox et 
al. 2007). Female snakes are larger than males in most species (Cox et al. 2007)
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Figure 2 shows male Anolis carolinensis performing a dewlap extension display. Picture 
was kindly drawn for pourposes of this thesis by Kristýna Eliášová
Figure 3 shows male Batagur affinis performing ritualized gaping towards female during 
courtship behavior. Note the conspicuous red mouth of the male as well as pronounced 
sexual dichromatism of the sexes. Picture taken in Prague ZOO
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but there is little evidence of mate choice by female snakes (Shine 2003). Most
turtle species exhibit female-biased sexual size dimorphism (Ceballos et al. 
2013). Thus, turtles may represent ideal model to study the influence of 
intasexual selection by testing covariance between sexual size dimorphism and 
colour traits.
Turtles are not generally known for vivid or conspicuous body 
colouration but in fact, many turtles are as colourful as other vertebrates (Ernst 
and Barbour 1989). For a long time, we had no evidence regarding any
potentional qualities signalled by turtles and no evidence of colour signals 
having any effect on conspecific recipients (Liu et al. 2013). Recently, however,
it has been shown that the colourful patches of freshwater turtles Trachemys
scripta and Chrysemys picta may perhaps serve as visual signals to potential 
mates during courtship (Steffen et al. 2015, 2019). Turtles do, after all, have 
good colour discrimination (Arnold and Neumeyer 1987; Loew and 
Govardovskii 2001). For instance, male painted terrapins (Batagur borneoensis)
change their colour during breeding season (Moll et al. 1981) and sexual 
dichromatism has been attested in northern map turtles (Graptemys 
geographica) (Bulté et al. 2013). Turtles display ritualised gaping behaviour 
during social interactions, for instance while basking (Lovich 1990) or mating 
(Thomas 2002), when they expose a colourful corner of the mouth to 
conspecifics (Figure 3). It is thus possible that this behaviour has also been co-
opted for visual signalling during courtship.
For a long time, it was believed that in tortoises, visual signals are much
less significant than signals aimed at other modalities (Auffenberg 1977), 
although many cases of visual displays of tortoises are known. For example,
territorial males of tortoises Geochelone carbonaria and Geochelone 
denticulata during the breeding season perform horizontal head movements 
aimed at all turtle-like object to distinguish them from potential mates 
(Auffenberg 1965). Desert tortoises (Gopherus agassizii) have a wide
behavioural repertoire which includes a broad range of postures and head 
movements during various social interactions (Ruby and Niblick 1994). It has 
been documented that tortoises Geochelone carbonaria can follow the gaze of 
conspecifics (Wilkinson et al. 2010). Tortoises can learn novel behavioural skills 
from conspecifics by observation (Davis and Burghardt 2011). Freshwater 
turtles perform diverse courtship visual displays, such as head and limb 
movements and gaping displays, and they have conspicuous body colouration
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(Liu et al. 2013). From the phylogenetic perspective, the appearance of head 
movements and limb displays during the evolution of courtship in freshwater 
turtles is linked to the disappearance of aggressive courtship behaviour (Liu et 
al. 2013) and in emydid turtles, it even seems that female mate choice is
widespread (Berry and Shine 1980). Turtles thus represent an ideal model for 
the study of relation between sexual size dimorphism and visual 
multicomponent signalling.2
1.2 The cellular basis of colour production and pattern composition 
In vertebrates, most colours are produced by special neural crest-derived 
pluripotent cell types, the pigment cells (Jeffery et al. 2004). Pigment cells 
(Figure 4) form three main categories: 1) Reflecting dermal pigment cells:
iridophores, which contain reflecting platelets of guanine, and leucophores, 
whose leucosomes contain crystalline purines; 2) absorbent dermal pigment 
cells: xanthophores, erythrophores, which contain carotenoids in carotenoids 
vesicles or pteridine derivatives in pterinosomes, and cyanophores, which
contain blue pigments whose composition is still unknown; and 3) melanocytes: 
dermal melanocytes with non-motile organelles, dermal melanophores with 
motile organelles, and organelle-transferring interfollicular and follicular 
epidermal melanocytes (Schartl et al. 2016). Melanocytes and melanophores 
contain eumelanin or pheomelanin in vesicles called melanosomes. In 
endothermic vertebrates, i.e. in birds and mammals, colour is produced by 
‘physiological’ processes in just a single pigment cell type, the melanocytes, and 
no other pigment cell types (Kelsh et al. 2009). Melanocytes supply surrounding 
keratinocytes with pigment-containing vesicles (Shawkey et al. 2015) and
keratinocytes in turn provide melanocytes with various growth factors, thus 
forming epidermal melanic units (Quevedo Jr 1972; Cicero et al. 2015). Colour 
patterns then form by coordinated actions of epidermal melanic units over the 
whole body, which are based on tissue-specific expression (e.g. Manceau et al. 
2011). 
2 For details on the relation between conspicuous colouration, sexual size 
dimorphism, and visual motion displays during courtship in turtles, see the 
attached STUDY 2 of this thesis.
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In endothermic vertebrates, variation of colour properties is the result 
of biochemical properties of pigments contained in melanocytes (D’Alba and 
Shawkey 2018) and of the nanostructural complexity of keratin matrices of 
keratinocytes and melanosomes of epidermal melanocytes (Eliason et al. 2015). 
In ectothermic vertebrates, i.e. in fish, amphibians, tuatara, squamate 
reptiles, turtles, and crocodiles, colour is produced by interaction between the 
incident light and optic properties of different pigment cell types, which can be 
organised vertically in superimposed layers composed of various pigment cell 
types, xanthophores, iridophores, melanocytes, and melanophores, present in 
the dermis. 
Xanthophores are usually the outermost layer of pigment cells. They
contain pigments, carotenoids and/or pteridine derivatives which absorb light 
of particular wavelengths depending on the pigment type. The most common
types of carotenoids present in the xanthophores of ectothermic vertebrates 
are hydroxylated xanthophylls and ketocarotenoids (Concepcion et al. 2018). 
Hydroxylated xanthophylls absorb shorter wavelengths than ketocarotenoids
do (Twyman et al. 2016), which is why the presence of hydroxylated 
xanthophylls results in apparent yellow colouration, while ketocarotenoids 
produce apparent red colouration. Different pteridine derivatives absorb light 
of a broad range of wavelengths. Some pteridine derivatives, such as biopterin,
leucopterin, or 6-COOH-pterin, absorb light in the UV range, which is why to 
human vision they appear colourless. Other pteridine derivatives, such as 
isoxanthopterin, xanthopterin, and sepiapterin, absorb shorter wavelengths of 
visible light and to human eyes, they thus appear yellow. Drosopterin and 
erythropterin absorb relatively longer wavelengths and their presence in the 
xanthophores of the dermis thus results in red appearance to human vision
(Braasch et al. 2007; Kozlík et al. 2013; Krajíček et al. 2014). 
In some cases, a layer of iridophores is located under the xanthophore 
layer. Iridophores contain reflecting platelets of guanin or pteridine derivative 
(Bagnara 1966; Bagnara et al. 1988). Iridophores with reflecting platelets 
randomly distributed in the cytoplasm sometimes function simply as 
broadband reflectors which influence the skin’s luminance but not its chromatic 
properties. This is the case of the red regions in geckos Phelsuma grandis
(Saenko et al. 2013). The chromatic properties of such regions are due solely to 
the light-absorbing properties of xanthophores. The randomly distributed 
reflecting platelets of iridophores may in some instances lead to the production 
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Figure 4 shows pigment cell arrangement in a) lizard, b) turtle. E – epidermis, D –
dermis, white dashed line – lamina basal, orange dotted line – xanthophore, turquois –
iridophore, pink – dermal melanocyte. 
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of blue colour that is due to incoherent scattering (Bagnara et al. 2007). Highly 
organised reflecting platelets influence the chromatic properties of the skin by 
thin-layer interference (Morrison 1995). In this case, the colour reflected by 
iridophores depends on the spatial organisation of the reflecting platelets 
within the iridophore cytoplasm. The thickness of individual reflecting platelets 
and their mutual distances then determine the wavelengths which are reflected 
by iridophores. Iridophores are known to produce yellow and red colour in
lizards Uta stansburiana (Haisten et al. 2015) or Scleroporus virgatus (Morrison 
1995). In geckos Phelsuma grandis, organised reflecting platelets in iridophores 
produce a blue colour, which in conjunction with the yellow xanthophores on
skin surface results a green appearance of their skin (Saenko et al. 2013). The
panther chameleon (Furcifer pardalis) controls the spacing and organisation of 
reflecting platelets in the iridophores, which effectively means control over 
colour change in this skin layer (Teyssier et al. 2015). 
Beneath the xanthophores and iridophores, there is a layer of dermal 
melanocytes and melanophores. Melanophores contain two types of melanin: 
the red-brown pheomelanin and brown-black eumelanin. Melanin absorbs
most wavelengths, thus protecting the interior of the body from the harmful 
effects of solar radiation. Melanocytes and melanophores can, however, also
enhance the effect of iridophores (Grether et al. 2004; Bagnara et al. 2007). On 
top of that, melanophores can form functional dermal chromatophore units
with the xanthophores and iridophores responsible for physiological colour 
change in some ectothermic vertebrates (Bagnara et al. 1968). 
In ectothermic vertebrates, not only local colour but also the overall 
colour pattern is determined by the composition of colour-producing elements 
in integumentary layers. Different spatial patterns of colour-producing pigment 
cells are the result of their mutual interactions during development, which may 
but need not be influenced by morphogen gradients (Candille et al. 2004; 
Yamaguchi et al. 2004; Frohnhöfer et al. 2013; Patterson et al. 2014; Watanabe 
and Kondo 2015; Manukyan et al. 2017). During ontogenesis, pigment cells 
mutually promote the differentiation and inhibition of surrounding pigment 
cells, which leads to self-organising pattern formation. For instance in zebrafish 
(Danio rerio), it has been shown that interactions between just two pigment 
cell types (xanthophores and melanophores), can lead to the establishment of 
non-random distribution of different pigment cell types into stripes or spots
during development (Nakamasu et al. 2009). Later, however, is was also shown 
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that a third pigment cell type, the iridophores, plays an important role. 
Iridophores regulate xanthophore development and therefore seem to be of 
essential importance in the development of the striped pattern in zebrafish 
(Frohnhöfer et al. 2013; Patterson et al. 2014; Eom et al. 2015; 
Nüsslein-Volhard and Singh 2017). In particular, iridophores produce the Csf1, a 
factor which regulates the differentiation of xanthophores (Figure 5). A
decrease in iridophore levels at the beginning of pattern formation in early 
ontogenesis leads to earlier maturation and overproliferation of xanthophores
(Patterson et al. 2014), and this proliferation results in a further suppression of
iridophore development (Patterson et al. 2014). The result is a uniform 
colouration consisting of randomly distributed xanthophores and 
melanophores (Patterson et al. 2014; Eom et al. 2015).
In ectothermic vertebrates, even slight changes in the balance between 
the timing of emergence of pigment cell types during development, sensitivity 
of their receptors, and abundance of pigment cell types can lead to the 
development of a wide range of colour patterns from spots and stripes all the 
way to complicated labyrinths (Kondo 2017). Interactions between the cells are 
based on tactile signals and membrane depolarisation (Inaba et al. 2012) but
involve also signalling by protein molecules (Irion et al. 2016). Some signalling 
molecules, such as kit, Csf, Delta, Notch, have a general role and are involved in 
various processes of organogenesis (Gilbert 1997), but pigment cell-specific 
signalling molecules such as mitf may also be involved (Kelsh et al. 2009). 
Surrounding tissue plays a role in pattern formation as well, for instance by a 
non-local production of Csf1, where it is the surrounding tissue that promotes a 
hyperproliferation of xanthophores (Patterson et al. 2014; Eom et al. 2015). 
Another example of regulation of pigment cell differentiation by surrounding 
tissue is the Wnt signalling pathway, where regulated pigment cell 
differentiation is driven by the fibroblasts (Choi et al. 2010).
Fibroblasts not only regulate pigment cell differentiation but also 
participate in colour production in vertebrates via production of collagen fibres, 
and the same holds of keratinocytes in the epidermis which produce keratin 
(Moll et al. 1981; Prum and Torres 2003a, 2004; Dufresne et al. 2009; Shawkey 
and D’Alba 2017). The light scatters and reflects on the surfaces of protein 
aggregates of collagen or keratin. In the case of collagen, this can result in the 
optical phenomenon of coherent scattering, which takes place when the 
aggregates of collagen protein are distributed in distances which on a scale 
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Figure 5 Mutual interaction of pigment cell types and cues from surrounding tissue. 
Interaction networks of pigment cell types are results of studies on zebrafish.  a) (based 
on Patterson et al. 2014 and Eom et al. 2015) shows interaction network where factors 
influencing maturation of xanhophores (X) from xanhtoblasts (Xb) are produced 
predominantly by iridophores (I). However, b) (based on Eom et al. 2015 and 
Nakamatsu et al 2009) shows situation where proliferation of iridophores is reduced 
and the maturation of xanthophores is regulated by ubiquitous factors (F) produced
surrounding tissue. In this case the process of pattern formation thus could be 
simplified as interaction between levels of tissue factors and proliferating 
melanophores (M)
a) b)
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commensurate with the wavelengths of light. Some wavelengths of suitable 
size interfere and cancel out, while others interfere constructively and are 
reflected (Prum and Torres 2003a, b, 2004). Nothing is known about the 
mechanism of regulation of collagen fibre organisation in the skin, but it has 
been suggested that specialised cellular structures play a role in the orientation 
of collagen fibres in tendons (Canty et al. 2006). Precursors of collagen fibres 
are synthesised in the Golgi apparatus and transported towards the surface of 
fibroblasts, where they are extracellularly formed into fibrils within tubular
invaginations of the plasmatic membrane, the fibropositors. It is possible that 
the organisation of collagen fibres arrays is due to the self-organising properties 
of actin filament dynamics outside of the cells (Canty et al. 2006).
As hinted above, keratin bundles can organise in a quasiregular manner 
(Prum et al. 1998) to produce colour by coherent scattering. Keratin itself is
mostly colourless (Shawkey et al. 2009), but in interaction with absorbing 
pigments deposited in feathers can produce structural colour due to changes in
the refractive indices of materials. In reptile scales, colour is in some cases due 
to the spatial nanostructure of the surface shape (Spinner et al. 2013). It has 
also been reported that accumulation of keratin may be the cause of the
seasonal change of colour in freshwater turtles Batagur borneoensis (Moll et al. 
1981). Similarly to the organisation of fibre arrays, the organising mechanism of 
keratin structuring is only beginning to be understood. It has been shown, 
however, that regulation of phase separation during keratin polymerisation is 
responsible for the self-organisation of keratin structure (Dufresne et al. 2009). 
Although the organisation and the number of types of pigment cells 
varies, a distribution of pigment cells into organised layers is commonly found
in fish (Sköld et al. 2016; Cal et al. 2018), amphibians (DuShane 1943; Bagnara 
1976), and squamate reptiles (Cooper and Greenberg 1992; Kuriyama et al. 
2006). For instance, the skin of leopard gecko (Eublepharis macularius) contains
xanthophores and melanophores but not iridophores, which only in some 
regions form continuous layers (Szydłowski et al. 2016). 
In Archelosauria, a sister clade to Lepidosauria (containing the tuatara 
and squamate reptiles) (Crawford et al. 2015) which includes turtles, crocodiles, 
and birds, we find that dramatic evolutionary changes affecting colour 
production mechanisms have taken place (Li et al. 2014b; Eliason et al. 2016; 
Eliason and Clarke 2018). Birds do not produce any additional pigment cell 
types other than epidermal melanocytes (Ferris and Bagnara 1972; Kelsh et al. 
17
2009). Moreover, birds seem to share colour-production mechanisms with 
mammals rather than with reptiles, including keratin-based colour production 
in feathers and hair, reflection by dermal collagen fibres, and increased 
diversity of melanosomes (Prum and Torres 2004; Li et al. 2012, 2014b; Eliason 
and Clarke 2018).
It is thought that colouration is an unstable morphological trait and 
different combinations of colours arise in the course of evolution convergently, 
which is why it is rather difficult to reconstruct the evolution of colouration on 
larger phylogenetic scales (Hoekstra 2006). Since colour can be produced by
various mechanisms, the same colour can be achieved in dramatically different 
ways. No study so far, however, examined the diversity of colour-producing 
mechanisms on a larger phylogenetic scale. Moreover, large part of variance in 
colour can be due to the self-organising properties of colour-producing 
elements, which are not related to any function of colouration but simply
follow the general rules of self-assembly. 
In studying colouration, it is important to determine which colours and 
patterns are part of the basic organisation and which should be viewed as 
derivative. Given that among tetrapods, both birds and squamate reptiles 
developed a vast array of colours, it may be useful to compare these two 
groups to better understand the dynamics of colour evolution in these two 
lineages with high colour variability and elaboration. To do that, one would also 
have to consider turtles and crocodiles, because they form a monophylum with 
birds. Existing results suggest that after their divergence from the lineage 
leading to birds, crocodiles may have passed through a nocturnal bottleneck, 
which led to a reduction in their capacity to discriminate colours (Emerling 
2017). For this reason, they may be not well-suited for the study of colour 
evolution in the archelosaurian clade. Turtles, however, the closest relatives of 
birds and crocodiles (Shaffer et al. 2013; Wang et al. 2013; Crawford et al. 
2015), seem to be more a promising candidate and although some studies did 
address the presence of pigment cell types in both crocodiles and turtles 
(Alibardi 2011, 2013), we still lack detailed information on the mechanisms of 
colour production in both of the extant non-avian lineages of archelosaurs. A 
thorough examination of colour-producing mechanisms in turtles may thus 
18
yield valuable comparative insights on the evolution of colour-producing 
mechanisms and colour as multicomponent trait.3
1.3 The molecular basis of colour production and pleiotropic effects
Pigment cells produce colour thanks to chemical substances, pigments,
synthesised in special-purpose vesicles of pigments cells, which share their
origin with the endoplasmic reticulum and the Golgi apparatus (Bagnara et al.
1979). Discussions of colouration and its potential for signalling the qualities of 
individuals tend to focus on the specific properties of pigments and on the 
genes that effect their synthesis pathways. In vertebrates, there are three 
major classes of pigments involved in colour production: melanins, pteridine 
derivatives, and carotenoids (McGraw 2005; McGraw 2006).
In the melanosomes or melanocytes of vertebrates, we find at least 
two types of melanin, namely pheomelanin and eumelanin. Melanins have 
various functions aside from colour production: they can absorb metals from 
their environment and they have well-developed lytic properties (D’Alba and 
Shawkey 2018). Melanins can also absorb energy by creating waves in their 
long polymer chains, thus transforming it into kinetic energy and gradually 
converting it to heat. In the inner ear, for instance, melanin-producing 
pigmented cells of unknown embryonic origin help the ear cope with excessive 
kinetic energy of sounds (Borovanský in verb. 2013). Melanins have a high 
refractive index, thanks to which they can absorb most wavelengths in the UV, 
visible, and even infrared part of the spectrum (D’Alba and Shawkey 2018). The 
precursor of both types of melanins is tyrosine, an amino acid which is during a 
reaction catalysed by tyrosinase converted to dopaquinone, and that is later 
converted by dopachrometautomerase to either of the melanin types (Hearing 
2011). 
The main regulator of melanogenesis is mitf, a factor which regulates 
not only the development of pigment cells in general but also the development 
of eyes (Bäumer et al. 2003; Kelsh et al. 2009). The mitf is involved in the 
synthesis of various important enzymes and structural proteins across the body
because it can bind into the areas of the DNA which trigger the transcription of 
loci where those molecules are coded (Vachtenheim and Borovanský 2010).
3 For details on colour producing mechanisms in turtles, see the attached 
STUDY 3 of this thesis.
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Melanogenesis involves also other proteins which play important roles in
thermoregulation, regulation of the circadian rhythm, and other processes. For 
example, it has been shown that the melanocyte-stimulating hormone and its 
melanocortin 1 receptor (MC1R) play an important role in energetic processes 
across vertebrates (Cone et al. 1996; Gantz and Fong 2003) but they are also 
involved in within-feather patterning (Prum and Williamson 2002) and
mammalian coat patterning (Mills and Patterson 2009). Another example is 
melatonin and its melatonin receptor, which a play major role in the regulation 
of circadian rhythm (Takahashi 2017) and body temperature (Lutterschmidt et 
al. 2003) but regulate also melanogenesis (Slominski et al. 2004). 
Melanogenesis is thus evidently under a complex regulatory control that is not 
organised into linear sequences. Rather, it forms a multidimensional network 
with multiple feedback loops (Slominski et al. 2004).
Pteridine derivatives are stored in the pterinosomes of xanthophores.
In addition to involvement in colouration, pteridine derivatives can also
function as cofactors for a number of enzymes whose deficiency can lead to
serious pathological states including neuropathology, dwarfism, liver failure, or 
impaired body movement (Yang et al. 2006). With respect to colouration, 
pteridines are responsible for yellow-red colours (Braasch et al. 2007; Kozlík et 
al. 2013; Krajíček et al. 2014). 
Pteridine synthesis involves three component pathways (Braasch et al. 
2007), with guanosine triphosphate functioning as the common precursor. The 
main enzyme of this pathway is sepiapterin reductase, which participates in
several steps of synthesis of pteridine derivatives (Braasch et al. 2007). 
Sepiapterin reductase has an essential catalytic function in multiple metabolic 
pathways (Thöny et al. 2000; Uhlén et al. 2015). It should be noted that the 
pterin synthesis pathway involves a feedback loop where tetrahydrobiopterin 
downregulates the conversion of guanosine triphosphate (precursor of all 
pteridine derivatives) into neopterin triphosphate at the beginning of the 
pteridine synthesis pathway (Braasch et al. 2007). The content of all pteridines 
is thus the result of a dynamic state of the pteridine synthesis pathway, and the 
amount of pteridine derivatives depends on the availability of other pteridine 
derivatives. It may be therefore impossible to separate the influence of any one 
type of pteridine derivatives on the colour of the organism, because the effect 
of depends on other pteridine derivatives as well, although some pteridine 
derivatives are colourless.
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It has long been accepted that animals do not synthesise carotenoids 
de novo, but some recent research shows that at least in some cases animals 
are capable of synthesising carotenoids thanks to a horizontal gene transfer 
from fungi (Cobbs et al. 2013). In vertebrates, colour-producing carotenoids are 
stored in xanthophores, where they are dissolved in lipids within carotenoids 
vesicles. In the form of lipid droplets, carotenoids are also part of the light-
filtration mechanism of photosensory cells in vertebrates (Kirschfeld 1982). 
Carotenoids are precursors of retinyl esters, which are the cleavage products of 
actions of BCO1 and BCO2 together with other enzymes. Retinyl esters are 
precursors of 11-cis-retinal, which is isomerised by rhodopsin during light 
absorption: in this way, carotenoids are thus a vital part of the visual apparatus
(von Lintig et al. 2010). 
All animals can modify ingested carotenoids and produce various
derivatives (Twyman et al. 2016; Concepcion et al. 2018). Various classes of 
carotenoids differ not only in their chemical stability, but also in their optical 
properties. For example, the unique yellow colour of the macula lutea in 
primates is due to accumulation of xanthophylls in the cells of the retina, which 
takes place thanks to a downregulation of their cleavage pathway to 
apocarotenoids by the BCO2 enzyme (Li et al. 2014a). Various carotenoid 
precursors give rise to a broad range of apocarotenoids (Beltran and Stange 
2016). Another example of modification of carotenoids is the conversion of 
hydroxylated xanthophylls to ketocarotenoids by the enzyme cytochrome P450
(Mundy et al. 2016). This enzyme is responsible for the unique red oil droplets 
in the eyes of birds and turtles, and this mechanism has been co-opted in the 
production of red colour also in their pigment cells (Twyman et al. 2016).
Carotenoid derivatives may have a regulatory function in animal cells, but little 
is as yet known of mutual connections between carotenoid metabolism and 
other metabolic pathways (Concepcion et al. 2018).
The genetic loci which play an important role in pigmentation exert
pleiotropic effects also on other traits. In vertebrates, there are links between 
changes in sexual activity, aggression, reactions to stressful conditions, energy 
output, growth, sleep, average heart rate, or neuroregeneration and activity of 
melanocortin receptors and agouti proteins, which are reflected in changes in 
their colouration (Ducrest et al. 2008). Similarly, in insects the pleiotropic 
effects of mutations in genes which code for proteins that control pigment 
production can have an impact on, i.a., immunity, resistance to desiccation, 
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nerve activity, animation, feeding, and social behaviour (Wittkopp and Beldade 
2009). Moreover, it is possible that the regulatory loci of pigment synthesis 
pathways also play a role on the level of organisation of pigment cells (Ziegler 
et al. 2000; Ziegler 2003). 
Some mutations which give rise to differently coloured phenotypes 
may represent just individual variability that does not spread further into the
population.4 In some cases, however, changes in the genetic regulation of
colour may have a significant impact on population variability and combinations 
of genetic variants can be shared even across different species, thus ensuring 
established functionality (Dasmahapatra et al. 2012). We are only beginning to 
understand how mutations in the genetic loci involved in pigment synthesis 
influence the evolution of colour. One of the four Timbergen’s rules for the
study animal behaviour states that one ought to understand the mechanisms 
on which trait functionality is based (Bateson and Laland 2013). Before 
concluding that colouration has a signalling role, it is thus necessary to first 
investigate the relation between variability of colouration and the mechanisms 
that underlie its production. Animals with different phenotypes may show no 
differences in neutral molecular markers, such as microsatellites, and yet form
two different colour morphs within an interbreeding population where the 
functional role of colouration is unknown (Ng et al. 2017). Two apparently
identical phenotypes within a taxon can be due to different molecular 
mechanisms (Iwanishi et al. 2018) and therefore have a different signalling 
potential. The best-known example of the role of colouration in visual signalling
of reptiles are side-blotched lizards (Uta stansburiana), where colouration 
within the population seems to follow the rock-paper-scissors game (Sinervo 
and Lively 1996). It has been claimed that male U. stansburiana use their 
orange, yellow, or blue colour to signal their mating strategy (Sinervo et al. 
2006). The three morphs differ substantially in their physiological 
characteristics, aggressiveness, and endurance (Sinervo et al. 2000), but colour
polymorphism in this species cannot be explained by differences in pigment 
types or structural reflectance alone (Haisten et al. 2015). In short, an
4 For details on the blue colouration of European wall lizard, see the attached 
STUDY 5 of this thesis.
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explanation of encoding of the functional role in a signal involving as many 
components as colour remains elusive.5
1.4 Towards understanding the multicomponency of reptile ornaments
So far, we saw how reptiles use their colourful surfaces for communication and 
that in reptiles, colouration can be a sexually selected trait. We have
demonstrated that colour is a complex trait consisting of many component 
parts which dynamically interact to produce colour patters. Metabolisms of the 
dynamic structures are related to other functions of the organism involved,
which make them preadapted for their role in signalling. Multicomponency of 
colourful surfaces manifests itself on all levels of organisation, from functions
to mechanisms. In this final section of introduction, I would like to suggest 
some possible further directions of research that could help us better 
understand the multicomponent nature of colourful body surfaces.
Colouration can have many different ultimate functions including
thermoregulation or protection from irradiation, and it can play a role in animal 
communication, mimicry, and crypsis (Cuthill et al. 2017). A particular body 
colouration of an individual can have more than one ultimate function. This is 
the case of, for instance, the thermoregulatory and cryptic function of colour in 
the bearded dragon (Pogona vitticeps). Which function is dominant may 
depend on the environment the reptiles inhabit (Smith et al. 2016). Another 
example to the same point is the wide array of functions of polymorphic viper 
colouration, which results from polymorphism in a single locus (Ducrest et al. 
2013). Its functions include thermoregulation, crypsis, and aposematism, but 
their respective importance seems to be determined by the context in which 
the colouration is displayed and on the perception of observers (Shine and 
Madsen 1994; Endler and Mappes 2004; Wüster et al. 2004; Titcomb et al. 
2014).6 In anole dewlaps, surface colours are sexually dimorphic and differ in 
composition between the sexes (Steffen and McGraw 2007, 2009). The dewlaps 
are used in various social contexts: when directed to females, when directed to 
5 For a detailed overview of the molecular mechanism underlying colour 
production in the European wall lizard and related species, see the attached 
STUDY 4 of this thesis.
6 For a detailed overview of the function of polymorphism in vipers, see the 
attached STUDY 6 of this thesis.
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males, and in undirected displays (Jenssen et al. 2012). In some anole 
populations, dewlaps can serve as a cue to the force of the bite of the relevant 
individual, while in other populations of the same species, they do not have this 
role (Vanhooydonck et al. 2005). In some populations, differences in dewlap
colour between individuals of the same species seem to form a reproductive 
barrier between individuals of different colours, while in other populations,
different colour does not seem affect the geneflow between individuals (Ng et 
al. 2017). Different populations of animals inhabit different habitats, are under 
different predation pressures, have different access to resources, different 
social structure, and different history. So what is the general perspective on the
function of multicomponent coloured surfaces? The ultimate function of 
colouration seems to be that which results from individual interactions in 
varying spatiotemporal contexts during evolutionary time and seems to 
represent a general evolutionary trend. 
In biology, interactions between individuals are understood as involving 
signals which are produced by signallers and directed at receivers’ senses. 
Smith and Harper (1995) define signals as structures which alter the behaviour 
of receivers, which evolved only in order to alter behaviour, and for which 
specific receivers’ response had evolved. On the other hand, it is unlikely that 
signalling structures evolve only to be sensed. It is more plausible to assume
that these structures first evolved for other functions and were only later co-
opted for signalling purposes (Kleisner 2010, 2011). It is also likely that 
receivers’ perception of signals did not primarily evolve as a response to
signals. Nevertheless, being perceived is part of the definition of a signal and 
response to it (Ryan 2019). 
Carazo and Font (2010) argue that a signal must be functional, that is 
must convey information. In other words, a signal may be selected to trigger a
response but receivers are selected to respond only when they have enough 
information to make an adaptive decision. For traits involved in mate choice, 
such as ornaments, Zahavi (1975) proposed that costly signals, i.e. signals which
are difficult to maintain or even put their bearers at a disadvantage, guarantee 
honest signalling. This concept, known as the ‘handicap principle’, is based on 
the notion that only high-quality individuals are capable of maintaining such
ornaments and that these ornaments signal individuals’ fitness within their 
environment. On the other hand, however, it has also been shown that when it 
comes to the costs of signal assessment, the balance between honest and 
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dishonest signalling will be determined by frequency-dependent benefits of 
occasional assessment. Ultimately, the process will reach an equilibrium when 
semi-honest cheap ornaments prevail (Dawkins and Guilford 1991). Kirkpatrick 
(Kirkpatrick 1982, 1986; Kirkpatrick and Ryan 1991) suggests that ornaments
such as colouration need not be universally true in the sense of being generally 
valid signals which indicate the state of otherwise hidden qualities of 
individuals. They do, however, need to genetically match the receivers’
individual ‘preference’. Such genetic pairing may lead to a dynamic process
with one or more balanced states of ornament or lead to runaway processes,
which, as Ronald Fischer (1915) suggested, may result in completely novel
highly elaborate states of the ornament. Ornaments are thus the result of 
individual agency, that is, of the individual experiences and needs of receivers
(Prum 2017). The importance of this dynamic view of evolution of ornamental 
traits consists in highlighting the relativity of information/meaning conveyed by
ornamental traits. 
One perhaps ought to view preference for a trait and its meaning not as 
universal entities but rather as essentially interactive entities which appear on 
the level of individuals. Interaction between individuals leads to self-
organisation and a dynamic nature of traits, in this case the evolution of 
colouration pattern and quality. Interaction between individuals is in this 
context essential because neither traits nor preferences are the result of a 
straightforward agency of gene loci. Traits and preferences are dynamic, multi-
local interactions which emerge from the scaffolding of a multitude of 
processes involved on other levels of organisation and amount to an 
individual’s overall setup. Thus, for instance colouration, which emerged by 
self-organising processes related to the evolution of pigmentation (see above), 
appears as one of the interaction hubs located within a network of links 
between individuals in virtue of being a compatible substrate for preferences of 
other individuals. On the other hand, however, it also influences via a feedback 
those processes which take place on levels of organisation that contribute to 
the formation of an individual via mutual perception and interpretation.
The aim of this thesis is not to provide a review on terminology used in 
animal signalling discourse. That has been discussed in detail elsewhere 
(Guilford and Dawkins 1995; Smith and Harper 1995; Maran 2009). The thesis 
also did not set out to rebuild the foundations of studies in animal 
communication. I did, however, want to oppose a positivistic view of animal 
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communication as a phenomenon related solely to fitness, as it tended to be 
presented in the second half of the twentieth century (Dawkins and Krebs 
1978). Multicomponent traits with their complex architectures provide a sound 
footing for claiming that it remains unclear how multilevel and multicomponent
structures and processes, such as colour, relate to the fitness of individuals.
In the past decade, our understanding of the role of colouration in the 
evolution of intersexual visual signalling in animals shifted away from the
previously dominant view that it is a case of honest signalling of individuals’
ability to fit within their environment towards a rather more comprehensive 
view, according to which communication is based on a preadaptation of the 
perceptive apparatus of signal receivers and on responses to visual cues based 
on the agency of individual receivers (Kirkpatrick et al. 2006; Ryan et al. 2007; 
Prum 2017; Ryan 2019). New conceptual approaches to studies in animal 
colouration emphasise the need to understand the proximate mechanisms of 
colour production as multicomponent signals across a broad range of taxa
(Cuthill et al. 2017; Eliason 2018). Moreover, with the end of the twentieth 
century, the bottom-up genocentric view of life processes started to be 
substituted by a more comprehensive approach, which assumes that not only 
genetically linked traits can co-evolve and that this is the case especially with 
respect to behaviour and animal communication (Ryan 1998). More research is 
needed to clarify the existence of variegated surfaces of animals. Reptile
colouration is an excellent example of multicomponent signalling because of
the complexity of organisation and diversity of colour-producing elements 
involved (Grether et al. 2004). In this thesis, I present the results of studies on 
the origin of colouration in turtles and squamate reptiles and place them in a
context of thoughts on a relativistic view of the functionality of animal 
colouration.
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2 AIMS OF THE STUDY
The main aim of this work was to analyse comprehensively and in detail the 
proximate mechanisms of colour production in reptiles. Until recently, most
studies on colour production tended to deal with the individual mechanisms of 
colour production separately and comprehensive research on the interplay of 
the various mechanisms which participate in colour production was rare. Since
turtle coloration is not a well-understood phenomenon, our first goal was to
describe the colour-producing mechanisms in turtles as such. We started by 
investigating the cellular, nanostructural, and chemical basis of the production
of yellow-red colour in turtles.1 At the same time, we tried to see whether 
coloration plays a role in their mate choice. To trace the influence of sexual 
selection on the evolutionary patterns of distribution of conspicuous coloration 
in a wide range of turtle taxa, we tested covariance between sexual size 
dimorphism, courtship behaviour, and the presence of conspicuous coloration.2
To have a suitable foundation for a comparison with turtle coloration, we also 
studied the mechanisms of production of the yellow-red colour in polymorphic 
lizards.3 The emergence of new phenotypes in population, discovered during 
field work,4 raises a question of stability of novel phenotypes in populations. 
Most generally, the main theoretical aim of this study was to provide an insight 
into the factors which influence the dynamics of colour phenotypes in reptile 
populations in the course of their evolution.5
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Abstract21
Animal body coloration is a complex trait resulting from the interplay of multiple colour-producing mechanisms. 22
Increasing knowledge of the functional role of animal coloration stresses the need to study the proximate causes of 23
colour production. Here we present a description of colour and colour producing mechanisms in two non-avian 24
archelosaurs, the freshwater turtles Trachemys scripta and Pseudemys concinna. We compare reflectance spectra;25
cellular, ultra-, and nano- structure of colour-producing elements; and carotenoid/pteridine derivatives contents in 26
the two species. In addition to xanthophores and melanocytes, we found abundant iridophores which may play a 27
role in integumental colour production. We also found abundant dermal collagen fibres that may serve as 28
thermoprotection but possibly also play role in colour production. The colour of yellow-red skin patches results from 29
an interplay between carotenoids and pteridine derivatives. The two species differ in the distribution of pigment cell 30
types along the dorsoventral head axis, as well as in the diversity of pigments involved in colour production, which 31
may be related to visual signalling. Our results indicate that archelosaurs share some colour production mechanisms 32
with amphibians and lepidosaurs, but also employ novel mechanisms based on the nano-organization of the 33
extracellular protein matrix that they share with mammals. 34
35
*Jindřich Brejcha (brejcha@natur.cuni.cz ).
†Present address: Department of Philosophy and History of Science, Faculty of Science, Charles U., Viničná 7, Prague, 128 00, Czech Republic
70
236
1. Introduction37
38
The evolutionary origins and the selective processes responsible for the maintenance of complex 39
morphological traits remains a persistent challenge in biology. Complex traits may in some cases arise by exaptation 40
of already existing structures into new functions [1]. Animal coloration is one of such complex morphological traits 41
in which composing subunits evolve for various roles and only later are co-opted for signalling or for other functions42
[2]. Colour-producing elements interact to enhance or reduce each other’s contribution to observable colour [3]. 43
However, colour-producing elements can also develop and evolve independently of each other [4]. Variation in body44
coloration during evolution is thus the result of two interacting processes: functional integration of colour45
ornaments and morphological modularity of colour-producing elements [5]. These intriguing relationships between 46
colour-producing subunits and their functional role stress the need to study the proximate causes of colour47
production [6]. Even though there has been progress in our understanding of colour production and its biological 48
functions [7,8], our knowledge of colour production mechanisms in most groups of animals is still scarce. 49
Animal colours are produced by ultrastructural elements of the integument interacting with incident light, 50
by light-absorbing pigments, or by a combination of both. In vertebrates, the majority of compounds responsible for 51
the coloration of the integument are found in pigment cells which are derived from the neural crest [9–11]. Pigment 52
cells are classified into five categories: Reflecting dermal pigment cells (iridophores, leucophores), absorbing dermal 53
pigment cells (xanthophores, erythrophores, cyanophores), melanocytes with non-motile organelles (dermal 54
melanocytes), melanocytes with motile organelles (dermal melanophores), and organelle transferring melanocytes 55
(interfollicular and follicular epidermal melanocytes) [12]. Iridophores contain reflecting platelets of guanine, while 56
absorbing dermal pigment cells contain pteridine derivatives in pterinosomes, or carotenoids dissolved in lipids in 57
carotenoid vesicles. Melanocytes and melanophores contain melanins in melanosomes. Single cells with 58
characteristics of two or more of pigment cell types, e.g. xanthophore and iridophore, are occasionally found and 59
are known as mosaic chromatophores [13,14]. Often, pigment cells of the same type are arranged in layers that are 60
roughly parallel to the skin surface. The vertical layering and relative thickness of the different pigment cells, 61
thickness, orientation, number, and geometry of reflecting elements, as well as characteristics of the pigments62
within the cells determine the final colour of the skin [8,15,16]. Cell types of another embryonic origin, ectodermal63
keratinocytes of the epidermis and mesenchymal fibroblasts of the dermis, also participate in colour production via 64
reflection of light on the intra/extracellular protein matrix these cells produce [17–21]. 65
Turtles are an early-diverging clade of Archelosauria, the evolutionary lineage of tetrapods leading to 66
crocodiles and birds [22]. Although many turtles have a uniform dull colour, conspicuous striped and spotted 67
patterns are common in all major lineages of turtles (for a comprehensive collection of photographs see [23–26]). 68
These conspicuous colour patterns may be present in the hard-horny skin of shells, and/or in the soft skin of the69
head, limbs or tail. The dark areas of the skin of turtles may have a threefold origin consisting either of dermal, 70
epidermal, or both epidermal and dermal melanocytes. Colourful bright regions are thought to be the result of the 71
presence of xanthophores in the dermis [27] and their interplay with dermal melanophores [28]. Iridophores have 72
never been shown to play role in coloration of turtles [27,29].73
Pigment-bearing xanthophores were first described in the dermis of the Chinese softshell turtle (Pelodiscus 74
sinensis) [29]. Xanthophores have also been found sporadically in the dermis of the spiny softshell turtle Apalone 75
spinifera, the Murray river turtle (Emydura macquarii) and in the painted turtle (Chrysemys picta) [27]. Such scarcity 76
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3of carotenoid/pteridine derivatives-containing cells is in contrast with chemical analyses of the yellow and red 77
regions of the integument of the red-eared slider (Trachemys scripta elegans) and C. picta [30,31]. Two major 78
classes of carotenoids have been described in the integument of these turtles: short wavelength absorbing 79
apocarotenoids and longer wavelength-absorbing ketocarotenoids [30]. In addition to carotenoids, Steffen et al. 80
[30] speculated that small quantities of some pteridine derivatives could play a minor role in colour production in 81
the integument of turtles. In support of this hypothesis, Alibardi [27] observed pterinosomes with characteristic 82
concentric lamellae in the xanthophores of turtles. However, to this date there is no direct evidence of pteridine 83
derivatives being present in colourful regions of the skin of turtles, or in the skin of any other archelosaur. 84
Deirochelyinae are freshwater turtles of the family Emydidae, all of which, except one species (the 85
diamond-back terrapin, Malaclemys terrapin), display a pattern of conspicuous stripes on the skin of the head and 86
legs [32,33]. This striped pattern usually consists of alternating yellow and black regions, but red regions are also 87
found in some species. The coloration of deirocheline turtles is thought to play a role in mate choice [30,34]. Some 88
species are sexually dichromatic, with males often displaying the brightest, most conspicuous colours (reviewed in 89
[19]); however sexual dichromatism is limited to particular regions of the body, whereas other regions show no 90
sexual differences [35,36]. Colour ornaments are designed to maximize their conspicuousness only in certain, 91
ecologically relevant contexts [37], e.g. when exposed to rivals during contests or to mates during courtship [38,39].92
Therefore, it has been suggested that some of the colourful regions found particularly in males may potentially be 93
involved in intersexual communication and mate choice [35,40]. In freshwater turtles courtship takes place 94
underwater and males adopt characteristic positions relative to the female [41]. Deirocheline turtles are 95
characterized by elaborated courtship behaviour including a complex forelimb display known as titillation [41].96
Males in most species of deirocheline turtles perform the titillation display facing the female while swimming 97
backwards in front of her, mostly near the surface; however, males of the genus Pseudemys titillate swimming 98
above and parallel to the female, facing the same direction as her [41–46]. Thus, depending on the position adopted 99
during courtship (face-to-face vs swim above) males of different species expose different body areas to females. By 100
comparing different deirocheline species, it may be possible to examine whether there is a relationship between 101
colour and colour-producing mechanisms and courtship position in these turtles. 102
In this study we compare the structure and pigment contents of striped skin in two species of deirocheline 103
freshwater turtles, the pond slider (Trachemys scripta) and the river cooter (Pseudemys concinna), with contrasting 104
strategies in courtship behaviour. Specifically, we predict that the brightest, most conspicuous skin regions of males 105
will be located precisely in those areas that are most exposed to females during courtship, which will differ 106
depending on the species-specific male position. Males of T. scripta court females in a face-to-face position while107
males of P. concinna court females in a swim-above position. In T. scripta two of three subspecies (the yellow-108
bellied slider T. s. scripta, and the Cumberland slider T.s. troosti) possess only yellow stripes on the head, while the 109
other subspecies (T.s. elegans) also has red markings in the postorbital region. All Pseudemys turtles show only 110
yellow stripes on the head. We particularly focus on a comprehensive description of the cellular and ultrastructural 111
composition of those body regions that likely play role during courtship behaviour (head, limbs) and on the chemical 112
composition of pigments involved in colour production. We combine multiple approaches to study the mechanisms 113
of colour production: 1) reflectance spectrophotometry to objectively determine the colour of the turtles’ body 114
surfaces, 2) transmission electron microscopy and image analyses to study the composition of the skin and the 115
ultrastructure of colour-producing elements, and 3) liquid chromatography coupled with mass spectrometry to 116
determine the contribution of carotenoid/pteridine derivatives to the turtles’ coloration. We discuss our results117
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4from the perspective of the evolution of colour-producing mechanisms in vertebrates. Our results represent the first 118
comprehensive description of colour production in non-avian archelosaurs.119
120
2. Materials and Methods121
122
2.1 Animals and handling123
All turtles examined in this study were collected for purposes of control of invasive freshwater turtles as a 124
continuation of project ‘LIFE-Trachemys’ (LIFE09 NAT/ES000529) to the Servicio de Vida Silvestre, D.G. Medi Natural 125
(Generalitat Valenciana). Turtles (Pseudemys concinna: 4 males, 8 females; Trachemys scripta elegans: 30 males, 39 126
females; Trachemys scripta scripta: 1 male, 2 females) were captured during 2014-2017 with floating or hoop traps 127
in coastal marshes or artificial ponds at several localities in the Comunidad Valenciana (Spain). Turtles were 128
euthanized with an overdose of sodium pentobarbital (Eutanax, FATRO IBERICA, S.L) by authorized personnel.129
130
2.2 Spectral reflectance measurements131
To quantify colour, we measured the spectral reflectance of skin between 300 and 700 nm using a 132
spectrophotometer. Reflectance spectra were taken before euthanasia with an Ocean Optics Jaz System (QR400-7-133
SR-BX: 400 μm reflection probe attached to JAZ-UV-VIS: Deuterium-Tungsten light source module) and a SONY Vaio 134
computer running SpectraSuite software (Ocean Optics, Inc.). The internal trigger was set to 30, integration time to 135
30, scans average to 30, and boxcar width to 10. The system was calibrated using a Spectralon WS-1 diffuse 136
reflectance standard, also from Ocean Optics. Measurements were taken in a darkened room at a distance of 5 mm 137
and perpendicular to the skin surface (i.e. coincident normal measuring geometry [47]). Turtles were kept alive in 138
clean water inside black plastic tanks and the skin surface was dried with a piece of cloth just before taking 139
reflectance measurements. The main median chin yellow stripe (CBC), dorsal head background coloration (DHC), 140
main bright/yellow forelimb stripe (FLBS) and the postorbital marking on the left side (PM) were measured in all 141
specimens of P. concinna and T. s. elegans (Fig. 1). Unfortunately, as T. s. scripta is rarely found in the Valencia 142
region, reflectance spectra could be obtained from only one specimen (male). The yellow zygomatic patch (YP) 143
instead of PM was measured in T. s. scripta (see Fig. 1B). During postnatal ontogenesis adult males of T. s. elegans144
become melanistic as they get older [48]; therefore, we have not included reflectance spectra of any of the males 145
determined as melanistic in our analyses.  146
147
2.3 Processing and statistical analyses of reflectance spectra148
Reflectance spectra binned by 0.37 nm were restricted to the range between 300 and 700 nm. Calculations were 149
performed in R 3.3.2 [49] using the package PAVO [50]. Spectra were processed by smoothing (span = 0.3) and 150
negative values were fixed to be zero. Mean processed reflectance spectra for each region of each individual of each 151
taxon were summarized by the following variables: luminance or brightness (B1: sum of the relative reflectance over 152
the entire spectral range), hue (H1: wavelength of maximum reflectance), and chroma (relative contribution of a 153
spectral range to total brightness). We calculated five measures of chroma based on the wavelength ranges 154
normally associated with specific colour hues: 300-400 nm (S1.UV), 400-510 nm (S1.blue), 510-605 nm (S1.green), 155
550-625 nm (S1.yellow), 605-700 nm (S1.red) [50–52]. Reflectance spectra of T. s. scripta were not included in the 156
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5statistical analyses due to the small sample size available for this lineage.  Redundancy analysis (RDA) was 157
performed on summary variables scaled to zero mean and unit variance using the package vegan 2.0-10 in R [53]. 158
Species identity was the constraining variable to compare P. concinna and T. s. elegans. Significance of results was 159
assessed by ANOVA like permutation tests (9,999 permutations) for redundancy analysis (anova.cca) using vegan160
2.0-10 package (see script at [Reference to be added]).161
162
2.4 Microscopy163
To investigate the cellular composition of the turtles’ integument we took samples from CBC, FLBS, and PM 164
regions of P. concinna (females = 2) and CBC, DHC, FLBS, and PM regions of T. s. elegans (males = 5, females = 3). We 165
also took samples of the CBC, PM, and YP regions of T. s. scripta (female = 2). Pieces of integument measuring ca. 1 166
cm2 from target regions were excised immediately after sacrifice and placed in Karnovsky’s fixative (2% 167
paraformaldehyde, 2.5% glutaraldehyde in PB buffer), left overnight at room temperature, and stored in the 168
refrigerator at 4°C for seven days. Smaller pieces (ca. 2 mm3) were cut from the original pieces of tissue. These were 169
washed with 0.1M PB, postfixed with 2% osmium tetra oxide (in 0.1M PB solution), dehydrated in an increasing 170
ethanol series, washed with 2% uranyl acetate in 70% ethanol, washed in propylenoxide, after which they were 171
transferred to resin (Durcupan, Sigma). Polymerized resin blocks were cut on a Leica UCT Ultracut ultramicrotome. 172
Semi-thin sections were stained with toluidine blue and observed under bright field and phase contrast in a Nikon 173
Eclipse E800 photomicroscope. Ultra-thin sections were stained with lead citrate and observed and photographed 174
using a FEI Tecnai Spirit G2 TEM equipped with a digital camera (Soft Image System, Morada) and image capture 175
software (TIA 4.7 SP3, FEI Tecnai). Magnification ranged from 1250x to 43000x depending on the structures 176
observed; intensity of the electron beam was adjusted to be in the optimal range for different magnifications.177
178
2.5 Reflecting platelets of iridophores 179
To infer role of iridophores in colour production we analysed the geometric properties of intact reflecting 180
platelets as well as of the empty holes that remain after the reflecting platelets dissolve due to the embedding 181
process. For analyses we used multiple electromicrographs of 4500-9900x magnification: P. concinna: PM (N = 8), 182
CBC (N = 8), FLBS (N = 8); T. s. elegans: PM (N = 19), CBC (N = 15), FLBS (N = 9). The scale of each image in nm/pixel 183
was set based on the number of pixels in the scale bar of the original electromicrographs. The length of the minor 184
axis (height of reflecting platelet) and of the major axis (width of reflecting platelet) of intact reflecting platelets was 185
measured directly from electromicrographs using the digital callipers utility in ImageJ (1.52a; [54]). Empty holes 186
were analysed automatically by greyscale thresholding and subsequent measurement tools in ImageJ similarly to 187
[16,55]. Briefly, electromicrographs were optimized for contrast and ellipses were fitted inside the platelets’ bodies. 188
Geometric parameters such as length of major axis of ellipse, length of minor axis, and angle between major axis of 189
the ellipse and x axis of electromicrographs were calculated (see electromicrographs of reflecting platelets at 190
[Reference to be added]).191
Based on the length of the minor axis of both intact platelets and empty holes we calculated putative 192
reflective wavelengths of reflecting platelets following equation (2) in Morrison [56] as applied by Haisten et al. [57]193
with refractive index of reflecting platelets 1.83 [58]. However, this model of colour production applies only to 194
reflecting platelets that produce colour through thin-film interference [59], which is characterized by reflecting 195
platelets organized in planes perpendicular to the direction of propagation of incoming light (i.e. parallel to the skin 196
surface). Disorganized reflecting platelets on the other hand act as broadband reflectors producing incoherent 197
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region [16]. Following Saenko et al. [16] we calculated the A/y0 ratio to determine the relative amount of reflecting 199
platelets parallel to the skin surface from the Gaussian curve fitted to the distribution of the density of different 200
angles of the ellipses. A is the amplitude of the Gaussian curve above the background of randomly oriented 201
platelets, and y0 is the background level of randomly oriented platelets, i. e. intersection of Gaussian curve with y 202
axis. The lower the A/y0 ratio the lower the portion of platelets parallel to the skin surface, with 0 corresponding to 203
either no platelets parallel to the skin surface, or completely disorganized platelets [16]. High A and low y0 indicate 204
predominant orientation of platelets parallel to the surface and low density of disordered platelets. Full width of 205
half maximum (FWHM) of the peak of Gaussian curve was computed to characterize the spread of the Gaussian 206
curve fitted to the data, i. e. width of angular distribution, as in Saenko et al. [16].207
208
2.6 Fourier analysis of spatial distribution of dermal collagen arrays209
To determine the role of the abundant extracellular collagen fibres in colour production we performed two 210
dimensional discrete Fourier analyses of the spatial distribution of dermal collagen arrays in the superficial layers of 211
the dermis using a Fourier tool [60] in MATLAB R2018a [61] kindly provided by Dr. Richard Prum212
(https://prumlab.yale.edu/research/fourier-tool-analysis-coherent-scattering-biological-nanostructures). Because 213
the tool was originally developed for earlier versions of MATLAB, script syntax had to be updated to secure 214
compatibility with current version of MATLAB (see description of changes at [Reference to be added]). The analyses 215
followed published procedures [18,60]. Briefly, from each micrograph (9900x magnification) of cross-sections of the 216
collagen fiber arrays we selected a standardized square portion of the array (800 pixels2), and optimized and 217
standardized contrast in Adobe Photoshop (CS3, [62]). The scale of the image in nm/pixel was set based on the 218
number of pixels in the scale bar of the original electromicrographs. The darker pixels of collagen fibres and lighter 219
pixels of mucopolysaccharide were assigned representative refractive indices (1.42 and 1.35 respectively,[63]). We 220
used the Fourier tool with the 2-D fast Fourier transform (FFT2) algorithm [64], resulting in a 2-D Fourier power 221
spectrum expressing the amount of periodicity in the spatial frequencies of the original data. Cumulative analyses 222
were performed using multiple images per each examined region (P. concinna: PM, N = 8; CBC, N = 8; FLBS, N = 8; T. 223
s. elegans: PM, N = 19; CBC, N = 9; FLBS, N = 9; T. s. scripta: CBC, N = 6; YP, N = 11) (see electromicrographs of 224
collagen fibres at [Reference to be added]). For results we pooled images of the CBC region of both T. scripta 225
subspecies to increase the sample size for this skin region. Predicted reflectivity in visible spectra of the regions 226
were calculated for 51 concentric bins of the 2-D Fourier power spectra (corresponding to 51 10 nm wide 227
wavelength intervals from 300 to 800 nm) for each region as described in Prum & Torres [60]. To visualize the 228
composite predicted shape of reflectivity from multiple measurements of collagen fibre arrays per region we fitted a 229
smoothed curve (span= 0.3) to the data using the local fitting loess function in R.230
231
2.7 Pigment content analyses232
Integument from P. concinna (N = 3), T.s. elegans (N = 2) and T.s. scripta (N = 2) was used for carotenoid 233
analyses. Sampled regions were CBC, FLBS, PM, and YP. Small pieces of integument were removed using micro-234
scissors and tweezers, cleaned mechanically, washed briefly with distilled water to get rid of potential 235
contamination from muscles or body fluids, and frozen at -20°C. Samples were then transported on ice to Prague 236
(Czech Republic) by plane, where they were stored frozen at -20°C until analyses, but never longer than one month. 237
75

8280
3. Results281
282
3.1 Spectral reflectance283
Average standardized reflectance spectra of Pseudemys concinna and Trachemys scripta are shown in Fig. 2284
(see reflectance data of each individual at [Reference to be added]). The dorsal head background coloration (DHC) 285
of both T. scripta and P. concinna has a flat reflectance spectrum and low overall reflectance. Moreover, the 286
reflectance of DHC is further reduced beyond 550 nm. The red postorbital marking (PM) of T. s. elegans also has a 287
relatively flat reflectance spectrum, with low overall reflectance but, in contrast to DHC, the red PM of T. s. elegans288
shows increased reflectance at wavelengths longer than 550 nm giving rise to a plateau between 600-700 nm. All 289
reflectance spectra from yellow regions (i. e. main median chin stripe – CBC, and main forelimb stripe – FLBS, of 290
both species, and PM of P. concinna as well as zygomatic patch – YP of T. s. scripta) are similar in that they show two 291
peaks, one minor peak in the UV part of the spectrum between 300 and 400 nm and a larger, primary peak between 292
500 and 600 nm. The width, shape and height of the primary peak differ slightly among the yellow regions. 293
Means of summary variables derived from reflectance spectra and their standard deviations for each region294
of each taxon are shown in Table 1 (see summary variables of each individual at [Reference to be added]). Summary 295
variables derived from reflectance spectra of one individual T. s. scripta overlapped with summary variables (mean 296
+/- standard deviation) of T. s. elegans but fall outside the values (mean +/- standard deviation) of the summary 297
variables for P. concinna.298
The ordination plot resulting from redundancy analyses (RDA) based on summary variables of both T. s 299
elegans and P. concinna is shown in Fig. 3 a. There are significant differences in coloration between P. concinna and 300
T. s. elegans (ANOVA-like permutation test, F = 16.39, p < 0.001). Constrained axis (RDA1) explains 17% of the total 301
variance in the data. The first residual axis (PC1) explains 18% and the second residual axis (PC2) explains 17% of the 302
total variance. Even though our primary goal was not to investigate sexual dichromatism, the results suggest sexual 303
differences in the reflectance of the red and yellow skin patches in T. scripta and, to a lesser extent, P. concinna (Fig. 304
2, See the supplementary materials for details).305
Variables pertaining to background colour (DHC) are associated with PC1 rather than with RDA1 (compare 306
values of RDA1 scores of the DHC to scores of summary variables of other regions – Fig. 3B) and contribute very 307
little to colour differences between both species. Interpretation of the RDA1 axis, and therefore of differences 308
between both species, seems to be region specific. Pseudemys concinna shows increased brightness (B1) along the 309
RDA1 axis in CBC and PM, but decreased brightness in FLBS compared to T. s. elegans. The yellow CBC and FLBS of P. 310
concinna show higher chroma (S1) in the blue and UV segments of reflectance spectra, but the yellow CBC and FLBS311
T. s. elegans have higher chroma (S1) in the yellow, red and green segments. The yellow PM of P. concinna shows 312
higher chroma in the green, yellow and blue segments of reflectance spectra, while the red PM of T. s. elegans313
shows higher chroma in the red segment, but also in the UV segment of reflectance spectra (Fig. 3 b). The increased314
chroma in the UV segment of the PM in T. s. elegans is a consequence of the overall low reflectance of this region 315
rather than exceptionally high reflectance in the UV. Reported patterns of interspecific differences did not change 316
when the PM region was not included in the analyses (data not shown here but see R script together with input data 317
at [Reference to be added]).318
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9In short, the major differences in colour of examined regions between both species examined are: 1) 319
shorter wavelengths contribute more to yellow colour of the CBC and FLBS of P. concinna compared to T. s. elegans; 320
2) CBC and PM are brighter in P. concinna, but the FLBS is brighter in T. s. elegans.321
322
3.2 Microscopy323
The epidermis is separated from the dermis by a conspicuous basal lamina (solid arrows in Figs. 4, 5). The 324
epidermis differs in thickness between regions and contains multiple layers of keratinocytes. The corneous layer of 325
the epidermis is relatively thin in all regions except in FLBS where it represents about one fifth of the thickness of 326
the entire epidermis (of all the regions examined only the FLBS is covered by scales). Arrays of collagen fibres are 327
highly abundant in the dermis of every region examined. Four basic pigment cells types are present in the 328
integument of all studied turtles: epidermal melanocytes, and dermal iridophores, melanocytes, and xanthophores 329
(Figs. 4; 5; 6). We have not observed finger-like projections of dermal melanocytes, that are characteristic for 330
dermal melanophores with motile organelles [12]. Mosaic pigment cells were also found in the dermis of T. s. 331
elegans (Fig. 6 d, g, h). The pigment cell types present in each of the studied regions are summarized in Table 2.  332
Epidermal melanocytes are present in the epidermis in the PM and DHC of T. scripta (Figs. 7 e; 8 a,b,c), and 333
DHC of P. conncina. Epidermal melanocytes are located just above the basal lamina and are surrounded by 334
keratinocytes. In samples with epidermal melanocytes the surrounding keratinocytes contain melanosomes. In 335
some samples, however, the epidermal melanocytes are contracted and contain only a few melanosomes; those 336
samples lack melanosomes deposited in keratinocytes. The PM of T. s. elegans contains mostly contracted 337
epidermal melanocytes and almost no transferred melanosomes (Fig. 8 a). In contrast, the PM of T. s. scripta338
contains enlarged epidermal melanocytes and melanosomes distributed amongst many keratinocytes (Fig. 8 b, c).339
Pseudemys concinna does not have epidermal melanocytes in the PM (Fig. 5, Fig. 8 e, f).340
Iridophores are present especially in the dermis of the CBC, FLBS, and PM of P. concinna, and in the CBC, 341
FLBS of T. scripta, but are missing in the PM and YP of T. scripta. Iridophores are present also in the DHC, but these 342
are very rare, small and seem haphazardly distributed (Fig 7 e). The iridophores of P. concinna do not form a 343
continuous layer. In the CBC and FLBS of P. concinna iridophores are rather scarce (Fig. 7 b, d), but in the PM of P. 344
concinna they are more abundant (Fig. 8 e). In the CBC and FLBS of T. scripta iridophores are abundant and form an 345
almost continuous layer several cells thick (Fig. 7 a, c). 346
Dermal melanocytes are abundant in the DHC (Fig. 7 e, f) and in the narrow black lines outlining the yellow-347
red regions (Fig. 6). In the DHC melanocytes are dispersed throughout the upper parts of dermis but do not 348
generally form a continuous layer. In contrast, the dermal melanocytes in the narrow black lines form a continuous 349
layer.  Dermal melanocytes were present also in the PM of a melanistic male of T. s. elegans (Fig. 8 b).350
Xanthophores are present in the dermis of all regions examined just beneath the basal lamina and just 351
above iridophores when those are present. In the CBC, FLBS (Fig. 7 b,d) and PM (Fig.8 e, f) of P. concinna the 352
xanthophores are sparse and do not form a continuous layer. The xanthophores form a thick continuous layer in the 353
PM of T. s. elegans (Fig. 8 a) and in the YP of T. s. scripta (Fig. 8 d). In the CBC and FLBS of T. s. elegans (Fig. 7 a, c) 354
and PM of T. s. scripta (Fig. 8 c) the xantophore layer is also continuous but its thickness is reduced compared to the 355
PM of T. s. elegans or YP of T. s. scripta.  Xanthophores are also found in the DHC where they form aggregates of 356
interconnected cells, but not a continuous layer (Fig 7 e). Xanthophores contain three types of pigment bearing 357
organelles: two types of carotenoid vesicles with different electron density but without internal structure, and 358
pterinosomes (Fig. 9). Unlike carotenoid vesicles, mature pterinosomes are characterized by the presence of 359
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concentric lamellae [67,68]. Mosaic pigment cells containing carotenoid vesicles, pterinosomes and melanosomes 360
are present at the boundary between the PM and its black surrounding line in T. s. elegans (Fig. 6 g, h). 361
P. concinna has the same pigment cell types in the ventral and dorsal sides of the head. In contrast, the 362
dorsal and ventral regions of the head in the two subspecies of T. scripta differ in the distribution of colour-363
producing pigment cells (Fig. 10). The ventral CBC (Fig. 7 a) and FLBS (Fig. 7 c, d) of P. concinna and T. scripta contain 364
iridophores together with xanthophores in the dermis. This organization is found also in the PM of P. concinna (Fig. 365
8 e, f; Fig. 7 b). However, the dorsal head regions of both subspecies of T. scripta, i. e. yellow YP of T. s. scripta (Fig. 8366
d), the dark PM of T. s. scripta (Fig. 8 c), and the red PM of T. s. elegans (Fig. 8 a) contain only xanthophores in the 367
dermis. Another difference among the studied species is that, unlike T. scripta, the pigment cells of P. concinna do 368
not form continuous layers. 369
Pigment cells form continuous layers whose composition differs between colour regions (Fig. 7, Fig. 8). 370
Bright colour regions contain both single cell type layers (xanthophores) and two cell type layers (xanthophores + 371
iridophores) (Fig. 10). The dark stripes and the background coloration are characterized by the presence of all three 372
cell types but with a predominance of dermal melanocytes. The dermal pigment cells of all studied turtles are 373
embedded in abundant collagen fibers, which in P. concinna make up most of the mass of dermis adjacent to the 374
epidermis (compare Fig 4. a, b and Fig 5. a, b).375
376
3.3 Reflecting platelets of iridophores 377
The reflecting platelets present in the iridophores of all regions examined are roughly rectangular (Fig. 11). 378
Unfortunately, measurements of iridophores from the FLBS of P. concinna are not included in the results because 379
the platelets were not well preserved. Characteristics and counts of intact reflecting platelets as well as empty holes 380
are summarized in Table 2. Only in the FLBS of T. s. elegans and the CBC of P. concinna reflecting platelets are 381
mostly parallel to the skin surface (predominant angles of orientation are -1.98° and 2.49°, respectively), while the 382
major axes of reflecting platelets in the CBC of T. s. elegans and in the PM of P. concinna have average angles 383
differing from zero (30.86° and 68.3°, respectively). Moreover, the reflecting platelets of the FLBS of T. s. elegans are 384
more aligned with the skin surface and regularly organized (A/y0 = 607.28, FWHM = 59.19°) than other regions 385
examined (CBC of P. concinna - A/y0 = 10.85, FWHM = 95.3°; CBC of T. s. elegans - A/y0 = 6.31, FWHM = 106.24°; PM 386
of P. concinna - A/y0 = 4.91, FWHM = 112.42°) (see supplementary Fig. S3 a, b, c, d for distributions of angles of 387
reflecting platelets for different regions; see measurements of reflecting platelets at [Reference to be added]). 388
Only the FLBS of T. s. elegans meets the conditions of the thin layer interference model. Figure 12 a, b 389
shows the predicted reflectivity of iridophores of the FLBS of T. s. elegans. The peak of the highest density at the 390
predicted reflected wavelength differs slightly depending on whether intact reflecting platelets or empty holes are 391
measured (see supplementary Fig. S3 e, f, g, h for distributions of thickness of reflecting platelets for different 392
regions based of the two methods of measurement), being 618 nm based on measurement of intact platelets and 393
637 nm based on measurement of empty holes. 394
Due to the organization of their platelets, the iridophores in the CBC of P. concinna probably function as 395
broadband reflectors. The same probably applies to the iridophores in the CBC of T. s. elegans and the PM of P. 396
concinna, which in addition to disorganized reflecting platelets also possess platelets of variable size (Fig. 12 c). Only 397
the iridophores of the FLBS of T. s. elegans seem capable of intense narrowband colour production.398
399
3.4 Fourier analysis of spatial distribution of dermal collagen arrays400
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The 2-D Fourier power spectra show that none of the single collagen fibre arrays examined (see examples of 401
electromicrographs analyzed in Fig. 13; see output files of Fourier analyses for each elctromicrograph analysed at 402
[Reference to be added]) are organized randomly with respect to wavelengths of light, i. e. the distances between 403
collagen fibres are of the same order of magnitude as wavelengths of light [60]. However, the collagen arrays of T. s. 404
elegans show variation in the spatial frequencies of the 2-D Fourier power spectra within regions (supplementary 405
Fig. S4 a, b, c). In contrast, the power spectra of collagen arrays of P. concinna show reduced variation in 406
organization within regions (supplementary Fig. S4 d, e, f). Collagen arrays of the PM of P. concinna are 407
unambiguously organized in a way which results in small disc pattern of 2-D Fourier power spectra at low spatial 408
frequencies across all micrographs analysed. Collagen arrays of the FLBS of P. concinna show two-sided symmetric 409
pattern of 2-D Fourier power spectra at intermediate spatial frequencies rather than a disc pattern, suggesting 410
predominant periodicity in one direction perpendicular to the fibres. In the CBC of P. concinna power spectra show a 411
ring pattern at intermediate spatial frequencies, pointing to equivalent nanostructure in all directions perpendicular 412
to the fibres.413
Normalized average radial means of the Fourier power spectra for each region of P. concinna and T. s. 414
elegans are shown in Fig 14. Radial means of the Fourier power spectra of all regions of T. s. elegans and the YP of T. 415
s. scripta show increased power values in the lowest spatial frequencies (< 0.0034 nm-1) compared to spatial 416
frequencies relevant to coherent scattering in the visible light (from 0.0034 to 0.0092 nm-1) (Fig. 14 a, b, c; 417
supplementary Fig. S5 a). Radial means of the Fourier power spectra of all regions of P. concinna also show 418
increased power values at the lowest spatial frequencies (Fig. 14 d, e, f). These values of spatial frequencies indicate 419
that the largest portion of light reflected by collagen fibres arrays in these regions belongs to the infra-red part of 420
the light spectrum. However, for the CBC of P. concinna this peak of low spatial frequencies lies immediately next to 421
the segment of spatial frequencies relevant to coherent scattering in visible light (Fig. 14 e). Radial means of spatial 422
frequencies of collagen fibres of CBC of P. concinna relevant to coherent scattering in visible light are in comparison 423
with radial means of all regions of T. scripta and the PM of P. concinna (Fig. 14 d) relatively elevated. In the FLBS of 424
P. concinna collagen fibres are organized at appropriate spatial frequencies (between 0.0034 and 0.0092 nm-1) to 425
produce coherent scattering in the visible spectrum (Fig. 14 f). 426
Predicted normalized reflectivity of collagen fibre arrays of P. concinna and T. s. elegans between 300 and 427
700 nm based on multiple radial means of the Fourier power spectra are shown in Fig. 15 together with normalized 428
measured reflectance spectra. All predicted normalized reflectivity curves have three distinct peaks (360–400 nm, 429
450–500 nm, and 560–570 nm) except for the YP of T. s. scripta which has four peaks (370, 450, 520, and 570 nm; 430
supplementary Fig. S5 b). All predicted normalized reflectivity curves increase beyond 600 nm, but in the CBC of 431
both T. s. elegans (Fig. 15 b) and P. concinna (Fig. 15 e) there is an additional peak/plateau at 660–680 nm. The 432
overall shapes of the predicted normalized reflectivity of collagen fibre arrays are more similar among regions than 433
among species. The PMs of both species (Fig. 15 a, d) have few distinct predicted peaks with a pronounced peak at 434
560 nm in the PM of P. concinna. The CBC of both species (Fig. 15 b, e) have four significant predicted peaks with 435
the highest at 490–500 nm. The FLBSs (Fig. 15 c, f) were characterized by predicted major peaks in the UV spectrum 436
at 360–380 nm.  437
Peaks of the predicted normalized reflectivity of collagen fibre arrays correspond roughly to peaks of 438
normalized measured reflectance spectra. However, there are differences in the overall shapes of the predicted and 439
measured curves. Differences between measured and predicted spectra probably arise due to interactions between 440
colour-producing pigment cells and the intercellular matrix of collagen fibre arrays. Even though the radial means of 441
the Fourier power spectra of the FLBS of P. concinna suggest appropriate spatial frequencies to produce colour by 442
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coherent scattering, the predicted reflectivity curve does not match the measured reflectance spectra. However, at 443
least in the CBC of P. concinna the organization of collagen fibres, radial means of the Fourier power spectra and the 444
congruence of predicted reflectivity curve with measured reflectance spectra suggest a role of collagen fibre arrays 445
in colour production by coherent scattering. The majority of the Fourier power falls into range of presumed infrared 446
part of the light spectrum and contribution of collagen fibre arrays to the overall reflectance is only minor in most 447
other regions. This suggests that the main function of collagen fibres is to reflect infrared radiation and only in some 448
instances have been co-opted to function in colour production.449
450
3.5 Pigment contents451
Results of pigment content analyses for carotenoids and pteridine derivatives are summarized in Table 4.452
Examples of UPLC chromatograms resulting from carotenoid content analyses can be found in the supplementary453
materials (Fig. S1 b, g, h, i, j). The red PM of T. s. elegans contains a rich mixture of various carotenoids which, 454
according to UV/VIS absorbance spectra, are predominantly ketocarotenoids. The two most pronounced retention 455
peaks were determined as astaxanthin (RT = 11.8 min, λmax = 471nm, [M+H]+ = 597.3944) and canthaxanthin (RT =456
13.7 min, λmax = 466, [M]+ = 565.4046). Other regions (CBC, FLBS of both species, PM of P. concinna, and PM and YP 457
of T. s. scripta) had no ketocarotenoids, but contained a relatively complex mixture of hydroxylated xanthophylls, of 458
which lutein (RT = 12.9 min, λmax = 444, [M]•+ = 568.4254) and zeaxanthin (RT = 13.1 min. , λmax = 449, [M]•+ =459
568.4253) were by far the most abundant.460
Examples of SRM chromatograms of pteridine analyses are given in the supplementary material (Fig. S6). Out of nine 461
pteridine derivatives tested, seven were found in the integument of the turtles analysed. L-sepiapterin and 462
erythropterin were not detected in any sample. All other pteridine derivatives, i. e. 6-biopterin, pterin-6-COOH, 463
isoxanthopterin, leucopterin, D-neopterin, pterin, and xanthopterin, were found together only in the PM of T. s. 464
elegans. The yellow CBC and FLBS of both lineages of T. scripta and the YP of T. s. scripta contained all types of 465
pteridine derivatives except pterin. Only four types of pteridine derivatives, 6-biopterin, pterin-6-COOH, leucopterin, 466
and D-neopterin, were detected in the CBC, FLBS, and PM of P. concinna.467
The red PM of T. s. elegans is unique among the examined region because it contains ketocarotenoid and seven 468
pteridine derivatives, including pterin, which was found in no other region.  The ventral (CBC, FLBS) and dorsal 469
yellow regions (YP) do not differ in pigment contents in T. scripta. All yellow regions of T. scripta (CBC, FLBS, YP) and 470
P. concinna (CBC, FLBS) have the same carotenoid contents. On the other hand, pteridine derivatives are more 471
diverse in the yellow regions of T. scripta than in those of P. concinna. Two additional pteridine derivatives found in 472
the integument of T. scripta (isoxanthopterin and xanthopterin) are known to produce yellow colour. The 473
integument of P. concinna contains the same pigment types in every region examined (PM, CBC, FLBS).474
475
4. Discussion476
477
Although they are not known for their vivid, conspicuous body coloration, many turtles are in fact as colourful as 478
other vertebrates [69]. However very few studies have addressed the mechanisms of turtle colour production479
[27,29,30]. In fact, there is more information on colour production in some fossil extinct taxa than in extant turtles480
[70–76]. Research on the functional role of turtle chromatic signals is also limited [41], although it is known that at 481
least some species change colour during the reproductive season [19]. Given the revised phylogenetic position of 482
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turtles as part of archelosauria [22,77–79], studying turtle coloration and colour-producing mechanisms crucial to 483
understanding the evolution of colour and colour-producing mechanisms in vertebrates in general.484
In this study we analysed the pigment cell organization of the integument, the ultrastructure of colour-485
producing elements, and the chemical nature of pigments that produce skin colour in two freshwater turtles, 486
Pseudemys concinna and Trachemys scripta, with contrasting courtship behaviour. We found striking interspecific 487
differences in the organization of the chromatophores found in the dorsal and ventral head surfaces. Trachemys488
scripta shows a different chromatophore composition in the ventral and dorsal sides of the head, whereas P. 489
concinna shows similar chromatophore composition on both sides. Also, there are more pigment types present in 490
the colour patches of T. scripta than in those of P. concinna.491
Turtles employ colour producing mechanisms well known in amphibians and lepidosaurs, but not in other492
extant archelosaurs (crocodiles and birds). In addition to xanthophores and melanophores previously reported in 493
turtles [27], and crocodiles [80], we found abundant iridophores containing rectangular reflecting platelets in yellow 494
skin of both species. To our knowledge, this is the first report of iridophores playing a role in integumental colour495
production in any archelosaurian species [80,81]. Carotenoids are involved in colour production in the feathers of 496
birds [82], while pteridines are responsible for the colour of the iris of some birds [83] and perhaps also the feathers 497
of penguins [84]. However, our pigment analyses suggest that both pteridine derivatives and carotenoids are 498
involved in the production of the yellow-red skin colours of turtles, which had not been clearly documented in any 499
archelosaur to this date.500
We also show that abundant collagen fibre arrays in the skin may serve to prevent infra-red light from501
penetrating into the body of turtles, but in some cases, they may be capable of reflecting visible wavelengths of light 502
as well. Taken together, these results suggest that turtle coloration and colour-producing mechanisms are more 503
complex than previously thought.504
505
506
4.1 The coloration of deirocheline turtles507
Our results show that the conspicuous yellow stripes in the head and limbs of deirocheline turtles exhibit, in 508
addition to a primary reflectance peak responsible for the human-perceived yellow hue, a small secondary peak of 509
reflectance in the UV range of the spectrum. This confirms the results of several previous studies [30,85]. However, 510
we did not find support for the spectral shapes reported by Wang et al. [86]; in fact, we contend that the 372 nm 511
peak that these authors found in all their reflectance spectra (see their Figure 1 [86]) is an artefact possibly caused 512
by the illumination source. As turtles are capable of seeing into the UV range [87,88], the small peak of UV 513
reflectance may account for chromatic variation among different individuals and contribute to the conspicuousness 514
of the yellow stripes, at least during close-range interactions with conspecifics [30]. It is also possible that the 515
pattern of alternating dark and light stripes may provide camouflage through background matching (e.g. when 516
viewed against underwater vegetation) or as disruptive coloration creating false edges and visually breaking the 517
outline of the body, thus hindering detection of turtles by predators [89].518
Our results reveal interspecific differences in colour-producing mechanisms at multiple levels: differences 519
can be found in the distribution of chromatophores along the dorsoventral body axis, in the ultrastructure of 520
pigment-bearing vesicles of xanthophores, and in the chemical nature of pigments involved in colour production. As 521
for the distribution of chromatophores, Trachemys scripta has both xanthophores and iridophores in the yellow-red 522
regions of the ventral side of the head, but only xanthophores on the dorsal side. Such dorso-ventral patterning is 523
lacking in P. concinna which has xanthophores and iridophores on both sides of the head (Fig. 10). As iridophores 524
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increase the overall reflectance of a patch of skin [3,20,90], their presence on the ventral side of the head may 525
provide some sort of countershading to enhance crypsis ([91–93]), or may be related to signalling (see below). The 526
fact that both species of turtles also have a light plastron, but a dark coloured carapace is consistent with the 527
hypothesis that the increased reflectance caused by the presence of iridophores on the ventral side of the head 528
might serve a camouflage function. The background head coloration (DHC), which has been previously reported to 529
change in response to substrate colour [36,94–96], is produced in both T. scripta and P. concinna by epidermal530
melanosomes and a combination of all three dermal pigment cell types (Fig. 7 e, f). However, we found epidermal 531
melanocytes in the PM of both lineages of T. scripta (Fig. 5, Fig. 8 e, f), but not in the PM of P. concinna (Fig. 4, Fig. 8 532
a, b, c) or in other yellow regions of the examined turtles (Fig. 7 b, d).533
The red and yellow regions of turtle skin contain at least three morphologically distinct types of vesicles in 534
xanthophores. Two of these correspond to what have been previously [68,97,98] identified as carotenoid vesicles, 535
and differ in electron density, shape and size (Fig. 9 a, b, d, e). The third type of xanthophore vesicles are 536
pterinosomes, likely containing pteridine derivatives (Fig 9 c, f). These are recognizable by their prominent 537
concentric lamellae [67,68]. Xanthophores containing oval carotenoid vesicles with high electron density (Fig. 9 a, d)538
are abundant only in the red PM of T. scripta elegans, while xanthophores containing round carotenoid vesicles with539
lower electron density (Fig. 9 b, e) and/or pterinosomes (Fig. 9 c, f) are found in yellow regions of both species. We 540
assume that differences in the ultrastructure of carotenoid vesicles reflect differences in their pigment content, as in 541
the case of red and yellow retinal oil droplets [99] known to differ in carotenoid content [31,100,101]. However, 542
similar structures have been previously described as vesicles in different stages of maturation [102]. Further study 543
using appropriate methods is necessary to unambiguously determine the types of pigments contained in vesicles of 544
different ultrastructure.545
Continuous layers of iridophores are found only in T. scripta. Moreover, the reflecting platelets of 546
iridophores from the CBC of T. scripta are highly organized with predicted reflected wavelengths between 618 and547
637 nm (Fig. 12 a, b). Other regions containing iridophores, i. e. yellow FLBS of T. scripta and all yellow regions of P. 548
concinna, do not have organized platelets and therefore function as broadband reflectors which should enhance the 549
overall brightness/luminance of the corresponding skin patch. Previous reports have described iridophores with 550
randomly organized platelets in red and white skin of Phelsuma grandis where they produce broadband reflection 551
[16]. In contrast, reflecting platelets in orange and yellow skin regions of Uta stansburiana [57], Sceloporus 552
undulatus, and S. magister [56] are highly organized to reflect orange and yellow wavelengths. Even though 553
broadband reflecting iridophores do not influence perceived colour, they may increase the brightness of colour 554
regions and their overall conspicuousness to observers [3,103]. 555
Unlike all yellow regions of both species, which contain xanthophylls lutein and zeaxanthin, the red PM of 556
T. s. elegans contains the ketocarotenoids astaxanthin and canthaxanthin (Table 4, Fig. S1). Such difference is in 557
partial agreement with previous analyses of carotenoid contents in yellow and red regions of T. s. elegans and558
Chrysemys picta [30]. Two major classes of carotenoids have been described in the integument of these turtles: 559
short wavelength absorbing apocarotenoids and longer wavelength absorbing ketocarotenoids [30]. In the yellow 560
chin of C. picta only apocarotenoids are present, whereas the orange neck and leg contain apocarotenoids and 561
ketocarotenoids. Previous reports indicated that apocarotenoids are abundant in tissue from yellow chin and yellow 562
neck stripes of T. scripta, its “orange” postorbital region containing only ketocarotenoids [30]. Our results, however,563
suggest a major role of xanthophylls, rather than apocarotenoids, in yellow colour production in T. scripta and P. 564
concinna. Xanthophylls have been shown to produce yellow coloration in various vertebrates [82,104,105]. In C. 565
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picta increased ingestion of the xanthophyll carotenoid lutein results in an increase in the yellow and red chroma of 566
yellow and red skin patches [28]. In contrast, it is unclear whether apocarotenoids participate in colour production 567
in animals. Apocarotenoids are cleavage products of carotenoids [106–108]. Transparent and clear cone oil droplets568
in the retina of birds contain the apocarotenoid galloxanthin, but yellow oil droplets contain the xanthophyll 569
zeaxanthin and red oil droplets contain the ketocarotenoid astaxanthin [109]. The unique yellow colour of the 570
macula lutea in primates is due to the accumulation of xanthophylls in the cells of the retina via down-regulation of 571
their cleavage pathway to apocarotenoids [110]. Various carotenoid precursors give rise to a large diversity of 572
apocarotenoids [106], but specific types of apocarotenoids have not been reported in previous studies of turtle 573
coloration [30]. The role of apocarotenoids in turtle coloration will thus remain unclear until the relationship 574
between precursor carotenoids in the skin and apocarotenoids is elucidated. 575
Steffen et al. [30] suggested that the yellow-red skin of C. picta and the yellow skin (but not the red skin) of 576
T. scripta contain small amounts of pteridine derivatives. Our results show that the opposite is true (Table 4). The 577
red PM shows more types of pteridine derivatives than the yellow skin in T. scripta. Yellow skin in P. concinna578
contains only a limited number of pteridine derivatives in comparison with all regions of T. scripta. Our results thus 579
show that the red PM of T.s. elegans is more elaborate in terms of its pteridine derivative contents than all the 580
yellow regions studied herein which contrasts with the previous study of Steffen et al. [30]. The yellow and red 581
colours of the turtles examined here result from an interplay between carotenoids and pteridine derivatives. 582
Whether the differences in colour and colour-producing mechanisms among deirocheline turtles are of 583
functional significance has yet to be determined. However, it is already well established that turtles are capable of584
distinguishing different yellow and red colours [34,87,88] and it has been suggested that body coloration plays a 585
role in mate choice in emydid turtles [30,34,35]. Furthermore, there is some evidence that the red and yellow 586
regions of T. scripta could play a role in signalling individual quality based on the correlation of colour and induced 587
immune response [111]. Moreover, the spectral properties of colour patches of C. picta is influenced by the amount 588
of ingested carotenoids [28] which is one of the basic assumption of individual quality signalling [112–114]. 589
Is there a relationship between chromatophore distribution and male-female position during courtship?590
Trachemys scripta and P. concinna differ in the distribution of chromatophore and pigment types along the 591
dorsoventral body axis (Fig. 10). The presence of xanthophores together with iridophores in the ventral CBC, but not592
in the dorsal PM, as well as the presence of epidermal melanocytes in the PM, may enhance the cryptic appearance 593
of T. scripta in aquatic environments (see above). It is not clear, however, why P. concinna does not possess a similar 594
distribution of pigment cell types. Instead, P. concinna has no epidermal melanosomes in the PM, and xanthophores595
and iridophores are distributed dorsally (PM) and ventrally (CBC). This should make P. concinna rather conspicuous 596
when viewed from above. Many animals solve the trade-off between making themselves conspicuous to 597
conspecifics and avoiding detection by predators by restricting bright colours to body surfaces that are exposed to 598
conspecifics but remain hidden to predators (called signal partitioning; e.g. [115,116]). This is often the case with 599
sexual signals which are made visible to mates during courtship [38,39]. Female mate choice is presumably 600
widespread among emydid turtles [117]. Males of T. scripta court females in a face-to-face position, so that both the 601
dorsal and ventral sides of the head as well as the limbs of the male are simultaneously exposed to the female. On 602
the other hand, males of P. concinna swim above the female during the final stages of courtship [44]. In this position 603
it may be more difficult for the female to perceive simultaneously the dorsal and ventral sides of the male’s head.604
Thus, the location of the potentially brighter surfaces on the head of the males does not match predictions based on 605
the relative positions of males and females during courtship, at least in the two species examined here.606
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The red and yellow body regions of Trachemys scripta contain a more diverse palette of pteridine 607
derivatives than the yellow regions of P. concinna (Table 4). This evidence suggests another possible link between 608
coloration and courtship position. The face-to-face position may facilitate female assessment of male coloration in 609
T. scripta, where red and yellow colours could function as signals conveying information about individual male 610
quality. Conversely, the relatively simple pigment contents of species that use the swim-above position would 611
suggest a reduced role for male head coloration in female mate assessment. Thus, the limited ability of male to612
simultaneously contrast different body regions against female’s visual apparatus may constrain the differential 613
elaboration of various body regions in P. concinna.614
Female mating preference for colourful males often results in sexual dichromatism, with brightly coloured 615
males and comparatively dull females [118]. Males of T. scripta have brighter CBC and FLBS than females, whereas616
in P. concinna sexual differences are less pronounced and restricted to the CBC (Fig. 2, see also supplementary 617
materials and Table S4). This contrasts with a previous study reporting no intersexual differences in coloration in T. 618
scripta elegans [84]. Other genera of deirocheline turtles court in a face-to-face position, specifically those in the 619
genera Chrysemys, Graptemys, and Malaclemmys. It seems likely that other factors besides courtship position 620
contribute to interspecific variation in colour and colour-producing mechanisms in deirocheline turtles, including621
habitat type, predation and evolutionary history. As mating strategies are relatively well studied in this group, it may 622
be relatively straightforward to test hypothesis about the role of natural and sexual selection in shaping the 623
evolution of colour across the Deirochelinae. Finally, it is important to note that not only function but also 624
differences in proximate developmental processes may be responsible for differences in coloration between T. 625
scripta and P. concinna which may not necessarily relate to visual signalling or crypsis, but rather to the intrinsic self-626
organizing properties of pigment cells [102,119–122] Further studies are needed to clarify the development of 627
pigment pattern formation in turtles [123,124].628
629
630
4.2 The function of the reflective shield of collagen fibres631
Results of Fourier analyses show that turtle collagen fibres reflect in the infrared part of the spectrum in all regions 632
examined (Fig. 14). Long wavelengths of light that pass through the xanthophores and iridophores may be absorbed 633
by the melanophores, or they may be reflected back to the surface by the underlying collagenous connective tissue 634
when melanophores are absent or scarce [125]. In many fish and amphibian larvae, the collagen fibres form 635
subepidermal collagenous lamella overlying the dermal chromatophores [20,126,127]. In lizards and snakes 636
collagenous connective tissue is found in the superficial fascia between the integument and the underlying muscle 637
[125], but in other animals such as frogs [128], mammals [17], or birds [18] collagen fibres are part of the dermis. 638
Here we show highly abundant dermal collagen fibre arrays located below the chromatophore layers in turtles (Figs. 639
4, 5). Unlike lizards [16,57,97] turtles lack a layer of dermal melanophores in the red-yellow skin regions. Turtles 640
bask to thermoregulate and overheating may represent an immediate risk for them [129], but basking could also 641
have a social function [130] for which it may be advantageous to accumulate heat at a slower rate. Therefore, the 642
function of dermal collagen fibres may be to prevent long infrared wavelengths from reaching the body core to 643
avoid overheating. A thermoprotective function of colour-producing structures has been recently suggested for the 644
deep iridophores found in chameleons [55] or plumage of birds [131]. The role of melanin in thermoregulation is 645
widespread across a broad range of organisms [132]. Thus, it seems that colour-producing elements are commonly 646
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acquired to thermoregulate and, conversely, skin structures that play role in thermoregulation may in some 647
instances be co-opted to produce visible colour.  648
Dermal collagen may appear achromatic [128], but colour production by coherent scattering on 649
nanostructured collagen fibre arrays has been previously reported in mammals [17] and birds [15,18]. In mammals 650
the colour produced by scattering on collagen fibres is limited to the blue part of the light spectrum [17], but in birds651
other colours, such as orange in Trogopan coboti, are produced by coherent scattering on collagen fibre arrays [18]. 652
The yellow FLBS of P. concinna shows sufficient nanostructural organization to produce yellow colour by coherent 653
scattering (Fig. 14 f). In most of the examined regions of T. scripta and P. concinna there is also small peak in the UV 654
part of the spectrum which is predicted by Fourier analyses. Our results predict colour production by collagen fibres655
in all regions (Fig. 15). However, in most regions the collagen fibers do not conform to the conditions of coherent 656
scattering or the predictions do not match the measured reflectance spectra very well. Even though the reflected 657
light by collagen fibre arrays would be achromatic their presence could still affect the reflectance spectra. It has 658
been shown theoretically that xanthophores have the highest influence and iridophore the lowest influence on 659
perceived colour when the melanophore layer is absent and reflected light off the collagen fibres passes back to the 660
surface [3]. As in the CBC and FLBS of P. concinna chromatophores are scarce, it is possible that collagen fibres play 661
a major role in colour production in this species.662
663
664
4.3 Significance for vertebrate skin colour evolution665
Most of vertebrates do produce various colours by superposition of different dermal pigment cells, however 666
homeothermic tetrapods, the birds and the mammals, acquire their coloration mainly due to the physiological 667
actions of epidermal melanocytes [133]. The archelosaurian clade, comprising turtles, crocodiles, and birds [22], has 668
undergone dramatic evolutionary changes affecting colour production mechanisms [134]. Some mechanisms of 669
colour production, such as melanogenesis, were modified perhaps with the acquisition of feathers [134], while 670
others, such as the use of ketocarotenoids for red coloration, may have been acquired early during the evolution of 671
the archelosaurian clade [31]. Iridophore and xanthophore differentiation or colour production by pteridine 672
derivatives have been lost or reduced during the evolution of the archelosaurian clade [84,133,135–138]. However,673
cells with lipid vesicles suspected to contain pigments similar to xanthophores have been reported in both the 674
epidermis and the dermis of non-feathered bare skin of some bird taxa [18]. Crocodiles develop iridophores and 675
xanthophores that participate together with dermal melanophores/melanocytes in the production of brown-yellow 676
background colour, but the iridophores of crocodiles do not poses differentiated reflecting platelets [80]. Previous677
results suggest that crocodiles may have gone through a nocturnal bottleneck after their divergence from the 678
lineage leading to birds while reducing their colour discrimination capacity [139], and thus may not represent an 679
ideal group to study colour evolution in the archelosaurian clade. Here we show that turtles possess all three types 680
of dermal pigment cells (xanthophores, iridophores, and melanocytes), shared with fish [140,141], amphibians 681
[142,143], and lepidosaurs [144–146]. Analyses of the pigments involved in the production of yellow-red colours in 682
turtles suggest that pteridine derivatives contribute, together with carotenoids, to these colours, which was not 683
previously documented in non-avian archelosaurs, but has been reported in fish [112], amphibians [147], and lizards684
[104,148]. We show that dermal collagen fibres participate in colour production in turtles which has been reported 685
in mammals [17] and birds [18] and adult amphibians, but not in fish [20,126], amphibian larvae [127], and lizards686
[125]. Turtles have also been reported to produce colour by hyperproliferation of keratin in epidermal keratinocytes 687
[19]. The keratin matrix is known to play a vital role in the coloration of birds’ feathers [149,150]. The evidence thus 688
86
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suggests that studies of turtle coloration are crucial to understanding the evolution of chromatic diversity in the 689
archelosaurian clade and in tetrapods/vertebrates in general, because turtles seem to employ most of the 690
mechanisms of colour production known in other groups of vertebrates (Fig. 16). Moreover, the field of paleo-691
colour, which aims to reconstruct the coloration of extinct taxa, has grown dramatically in recent years, providing692
some of the most remarkable breakthroughs in our understanding of the evolution of animal coloration693
[72,73,134,151–153] and turtles, given their key position in the phylogenetic tree [77–79] therefore may provide 694
important insights for the proper interpretation of paleontological data.695
696
4.4 Future directions697
More research is needed to further examine if the evolution of coloration in turtles is constrained by the position 698
during courtship and to test the idea of modular evolution of colour ornaments in turtles. Future studies should 699
consider a broader range of species of turtles and apply comparative cophylogenetic methods to map ancestral 700
states of coloration, its mechanisms of production, and relevant functional traits such as courtship behaviour.701
In this study we have not addressed the ontogeny of colour-producing mechanisms, as our knowledge of 702
the early development of chromatophores in turtles is still scarce [123]. Also, the postnatal ontogeny of colour in 703
turtles is studied insufficiently and long-standing questions remain unresolved, e. g. melanophores in T. scripta are 704
found mostly in the dermis while older “melanistic” males also have elaborate epidermal melanocytes [48], which 705
raises the question how melanophores make the transition from one skin layer to another. 706
Our results also suggest that early archelosaurs share colour-producing mechanisms with amphibians and 707
lepidosaurs but also used novel ways to produce skin colour such as scattering on dermal collagen fibres. Studies of 708
colour-producing mechanisms on a broad phylogenetic scale are critical to clarify the evolution of colour-producing709
mechanisms across vertebrates and should be encouraged in the future.710
Turtles are a critically endangered group with 61% of species threatened or already extinct [154], which 711
may seriously limit the opportunities to collect biological samples. On the other hand, T. scripta is considered one of712
the most widespread invasive alien species [155] and intensive management measures are taken to control its 713
introduced populations. Pertinent culling of individuals from introduced species offers an excellent opportunity to 714
collect rare biological samples which should not be missed.715
716
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Tables1065
1066
Taxon (number of 
individuals) Region
B1 S1.UV S1.blue S1.green S1.yellow S1.red H1
P. concinna  (N=12) CBC 15584(2670) 0.102(0.034) 0.272(0.019) 0.34(0.023) 0.26(0.019) 0.294(0.025) 515.25(10.244)
DHC 1904.4282(713.37) 0.357(0.046) 0.348(0.013) 0.272(0.037) 0.141(0.024) 0.03(0.035) 365.167(85.58)
FLBS 10572.43(3027.39) 0.14(0.037) 0.256(0.03) 0.338(0.029) 0.257(0.026) 0.274(0.031) 540.167(12.511)
PM 7775.415(2765.69) 0.147(0.03) 0.271(0.028) 0.347(0.029) 0.248(0.022) 0.242(0.037) 529.75(11.787)
T. s. elegans  (N=68) CBC 11923.4(4287.2) 0.095(0.036) 0.221(0.027) 0.382(0.036) 0.291(0.027) 0.31(0.029) 547.882(27.173)
DHC 1792.31(1070) 0.353(0.042) 0.354(0.027) 0.28(0.029) 0.134(0.031) 0.02(0.053) 432.088(119.64)
FLBS 12026.9(3134.57) 0.086(0.025) 0.186(0.027) 0.406(0.024) 0.318(0.023) 0.33(0.029) 552.912(10.215)
PM 5991.65(2426.26) 0.223(0.037) 0.231(0.045) 0.237(0.029) 0.207(0.032) 0.316(0.089) 622.382(123.418)
T. s. scripta  (N=1) CBC 11467.67 0.094 0.229 0.375 0.28 0.309 518
DHC 801.896 0.29 0.37 0.346 0.159 0 549
FLBS 10980.87 0.078 0.192 0.405 0.309 0.334 541
YP 12102.164 0.172 0.252 0.323 0.239 0.261 518
Variable (SD)
Table 1 - Summary color variables for each taxon
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Taxon Region
epidermal
melanocytes iridophores melanocytes xantophores
P. concinna CBC
DHC
FLBS
PM
T. s. elegans CBC
DHC
FLBS
PM
T. s. scripta CBC
DHC
FLBS
YP
Pigment cell type
Table 2 - Pigment cell types present in various regions of skin of examined taxa
dermal
1069
1070
28
1071
Variable
CBC PM CBC FLBS
Number of platelets measured - intact 65 100 59 74
Number of platelets measured - empty holes 456 625 2777 2366
Mean minor axis lenght - intact +/- s.d. (nm) 143.44(64.52) 91.5(44.57) 86.34(30.65) 85.85(33.49)
Mean minor axis lenght - empty holes +/- s.d. (nm) 124.63(47.55) 100.95(47.55) 104.43(51.20) 93.95(42.65)
Mean major axis lenght - intact +/- s.d. (nm) 457.51(221.97) 414.93(222.31) 370.4(145.88) 395.52(179.60)
Mean major axis lenght - empty holes +/- s.d. (nm) 420.30(223.63) 333.70(208.98) 364.25(240.22) 347.40(221.04)
A/y0 (A;y0) 10.85(0.0090; 4.91(0.0069; 6.31(0.0076; 607.28(0.0158;
0.0008)  0.0014) 0.0012) 0.000026)
FWHM (°) 95.3 112.42 106.24 59.19
Predominant orientation (°) 2.49 68.3 30.86 -1.98
Table 3 - Reflective platelets characteristics
P. concinna T. s. elegans
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Taxon Region
6-biopterin pterin-6-COOH Erythropterin Isoxanthopterin Leucopterin L-sepiapterin D-Neopterin Pterin Xanthopterin Astaxanthin Canthaxanthin Lutein Zeaxanthin
P. concinna
CBC
FLBS
PM
T. s. elegans
CBC
FLBS
PM
T. s. scripta
CBC
FLBS
YP
Table 4 - Pigment contents for particular regions of skin of examined taxa
Predominant CarotenoidsPteridine Derivatives
1073
98
30
Figures1074
1075
Figure 11076
1077
1078
1079
99
31
Figure 21080
1081
1082
100
32
Figure 31083
1084
1085
101
33
Figure 41086
1087
1088
102
34
Figure 51089
1090
1091
103
35
Figure 61092
1093
1094
104
36
Figure 71095
1096
1097
105
37
Figure 81098
1099
1100
106
38
Figure 91101
1102
1103
107
39
Figure 101104
1105
1106
108
40
Figure 111107
1108
1109
109
41
Figure 121110
1111
1112
110
42
Figure 131113
1114
1115
111
43
Figure 141116
1117
1118
112
44
Figure 151119
1120
1121
113
45
Figure 161122
1123
1124
114

47
median chin yellow stripe; DHC: dorsal head background coloration; FLBS: main bright stripe of the fore limb; PM: 1162
postorbital marking. The yellow zygomatic patch (YP) of T. s. scripta (N=1) is shown in (d). 1163
1164
Figure 3 Overall differences in colour between the two studied species. (a) Biplot representing results of RDA of 1165
summary variables derived from reflectance spectra of Pseudemys concinna and Trachemys scripta elegans.  First axis 1166
(RDA1) is constrained by species (explains 17% of total variance). The first residual axis (PC1) explains 18% of total 1167
variance. B1: sum of the relative reflectance over the entire spectral range; H1: wavelength of maximum reflectance; 1168
relative contributions of a spectral ranges to the total brightness: 300-400 nm (S1.UV), 400-510 nm (S1.blue), 510-605 1169
nm (S1.green), 550-625 nm (S1.yellow), 605-700 nm (S1.red). CBC: main median chin yellow stripe; DHC: dorsal head 1170
background coloration; FLBS: main bright stripe of the fore limb; PM: postorbital marking; YP: yellow zygomatic patch. 1171
(b) Schema of the differences between species (distribution along RDA1 axis) in chroma (S1) and brightness (B1) of 1172
examined regions. Note that the DHC region aligned rather more with the first residual axis (PC1). (c) Table of scores of 1173
summary variables of all colour regions of both species on RDA1 axis. Thick line denotes zero.1174
1175
Figure 4 Red postorbital region (PM) of Trachemys scripta elegans. (a) micrograph of semi-thin section stained with 1176
toluidine blue viewed under light microscope; (b) area denoted by rectangle in (a) viewed at higher magnification; (c) 1177
electromicrograph showing xanthophores residing in dermis under basal lamina (solid arrows); (d) closer view of 1178
xanthophore and its carotenoids vesicles; (e) detail of melanosomes of epidermal melanocyte. D: dermis; E: epidermis; 1179
c: collagen fibres; k: keratinocyte; m: melanocyte; x: xanthophore; arrows: basal lamina.1180
1181
Figure 5 Yellow postorbital region (PM) of Pseudemys concinna. (a) semi-thin section stained by toluidine blue viewed 1182
under light microscope; (b) area denoted by rectangle in (a) viewed at higher magnification; (c) Electromicrograph 1183
showing xanthophores and iridophores in the dermis; (d) closer view of iridophore; (e) closer look on xanthophore with 1184
detail of pterinosome in the inset. D: dermis; E: epidermis; c: collagen fibres; k: keratinocyte; solid arrows: basal lamina; 1185
clear arrows: xanthophore; arrowheads: iridophores.1186
1187
Figure 6 Boundary between the red postorbital region (PM) and its surrounding black line of Trachemys scripta elegans; 1188
(a) photography of the lateral view of the head, region of interest highlighted by white rectangle. (b) edge between two 1189
different regions viewed under binocular microscope; (c) electromicrograph of section of red postorbital region, orange  1190
line: xanthophores; white line: basal lamina; (d) edge of black region, turquoise line: iridophore; white line: basal 1191
lamina; black arrowhead: epidermal melanocyte; white arrow: dermal melanocytes; asterisk: mosaic chromatophore; 1192
(e) detail of vesicles of xanthophores of the red postorbital region – carotenoid vesicles and pterinosomes; (f) detail of 1193
vesicles of dermal melanocytes of black region, melanosomes; (g) detailed view of mosaic chromatophore in the dermis.1194
White line: basal lamina; asterisk: mosaic chromatophore; (h) high magnification of vesicles of mosaic chromatophore, 1195
showing co-localization of carotenoid vesicles and melanosomes.1196
1197
Figure 7 Electromicrographs of different regions of turtles’ integument. (a) yellow chin (CBC) region of Trachemys 1198
scripta; (b) CBC region of Pseudemys concinna; (c) yellow front limb (FLBS) region of T. scripta; (d) FLBS region of P. 1199
concinna; (e) Dorsal dark head (DHC) region of T. s. elegans; (f) DHC region of T. s. scripta. White line: basal lamina;1200
orange line: xanthophores; turquoise line: iridophores; black arrowheads: epidermal melanocytes; white arrows: dermal 1201
melanocytes. Scale bar represents 10μm. Note that magnification differs.1202
116
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1203
Figure 8 Electromicrographs of different regions of turtles’ integument. (a) red postorbital (PM) region of Trachemys 1204
scripta elegans, note small epidermal melanocytes and no melanosomes in keratinocytes; (b) red PM region of 1205
melanistic male of T. s. elegans, note enlarged epidermal melanocytes, but few melanosomes in keratinocytes; (c) dark 1206
PM region of T.s. scripta, note enlarged epidermal melanocytes and abundant melanosomes in keratinocytes; (d) yellow 1207
zygomatic patch (YP) region of T.s. scripta, note that there are no epidermal melanocytes; (e) yellow PM region of P. 1208
concinna; (f) yellow PM region of different specimen of P. concinna than in e), see the difference in abundance of 1209
xanthophores and iridophores, here xanthophores form almost continuous layer, it is possible that these differences are 1210
due to the different localization within the PM stripe on head, or there these differences may be due to intraspecific 1211
variability. White line: basal lamina; orange line: xanthophores; turquoise line: iridophores; black arrowheads:1212
epidermal melanocytes; white arrows: dermal melanocytes. Scale bar represents 10μm. Note that magnification differs.1213
1214
Figure 9 Examples of three different types of vesicles present in the xanthophores of examined turtles. (a) electron 1215
dense vesicles present predominantly in the PM of Trachemys scripta elegans; (b) vesicles with lower electron density 1216
present predominantly in the YP of Trachemys scripta scripta; (c) pterinosomes; (d) detail of electron dense vesicles 1217
from a), these vesicles lack any internal structure and possibly contain ketocarotenoids; (e) detail of vesicles with lower 1218
electron density shown in (b), there is no pronounced structure visible inside these vesicles. In context of chemical 1219
analysis, it seems these vesicles contain predominantly yellow carotenoids; (f) detail of pterinosomes shown in (c), 1220
typical by concentric lamellae. Scalebar 2μm (a, b, c) and 500nm (d, e, f). Note that magnification of (a) differ. 1221
1222
Figure 10 Schematic diagram of cellular composition of colourful region of Emydinae. Ventral chin stripe (CBC), and 1223
dorsal postorbital marking (PM) and zygomatic patch (YP) of examined turtles compose of epidermal melanocytes and 1224
dermal xanthophores and iridophores. Both ventral and dorsal regions of Pseudemys concinna (e) consist of 1225
xanthophores and iridophores (a). However, integument of Trachemys scripta elegans (f) and T. s. scripta (g) contain 1226
xanthophores together with iridophores on ventral side. On dorsal side there are only xanthophores in the dermis (b, c) 1227
present in both subspecies of T. scripta. There are no epidermal melanocytes in neither PM or CBC of P. concinna (a), 1228
but there are epidermal melanocytes in dorsal integument of T. scripta. These epidermal melanocytes are small, 1229
without apparent melanosome transferring activity (b) in red PM of T. s. elegans and yellow zygomatic region (YP) of T. 1230
s. scripta. In dark PM region of T. s. scripta (c) epidermal melanosomes are enlarged and epidermal keratinocytes 1231
contain transferred melanosomes (grey dots). The dermis contains abundant collagen fibres. 1232
1233
Figure 11 Electromicrograph of iridophores in the turtle integument. E: epidermis; D: dermis; x: xanthophore;1234
arrowheads: iridophore. In the inset is detailed view of reflecting platelet.1235
1236
Figure 12 Distribution of predicted reflectivity of reflecting platelets of iridophores. (a) based on size of intact reflecting 1237
platelets of FLBS - yellow front limb region of Trachemys scripta. (b) based on size of empty holes of FLBS region of T. 1238
scripta left after staining of EM sample. Dashed line in (a) and (b) represent shape of reflectance spectra predicted from 1239
reflecting platelets properties based on thin layer interference model. (c) distribution of predicted reflectivity of 1240
reflecting platelets of iridophores in regions where assumption of thin layer interference model does not seem to be 1241
appropriate. 1242
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1243
Figure 13 Electromicrographs of details of collagen fibre arrays. (a) Postorbital marking (PM) of the Trachemys scripta. 1244
(b)  Main median chin yellow stripe (CBC) of T. scripta. (c) Main bright stripe forelimb stripe of T. scripta. (d) PM region 1245
of Pseudemys concinna. (e) CBC region of P. concinna. (f) FLBS region of P. concinna. Scalebar represent 200 nm.1246
1247
Figure 14 Radial means of the Fourier power spectra of electromicrographs of collagen fibre arrays. (a) Postorbital 1248
marking (PM) of the Trachemys scripta. (b)  Main median chin yellow stripe (CBC) of T. scripta. (c) Main bright stripe 1249
forelimb stripe of T. scripta. (d) PM region of Pseudemys concinna. (e) CBC region of P. concinna. (f) FLBS region of P. 1250
concinna. Grey rectangle denotes spatial frequencies relevant to coherent scattering in visible light, on the other hand 1251
lower frequencies (to the left from the grey rectangle) are relevant to scattering in the infra-red part of light spectrum. 1252
1253
Figure 15 Measured reflectance spectra of the skin regions (solid line) and reflectance spectra predicted by Fourier 1254
analyses of dermal collagen fibres (dashed line). (a) Postorbital marking (PM) of the Trachemys scripta. (b)  Main median 1255
chin yellow stripe (CBC) of T. scripta. (c) Main bright stripe forelimb stripe of T. scripta. (d) PM region of Pseudemys 1256
concinna. (e) CBC region of P. concinna. (f) FLBS region of P. concinna. Grey rectangle denotes spatial frequencies 1257
relevant to coherent scattering in visible light, on the other hand lowever frequencies (to the left from the grey 1258
rectangle) are relevant to scattering in the infra-red part of light spectrum. Note that both measured reflectance and 1259
Fourier power are both normalised to have minimum zero and maximum one. 1260
1261
Figure 15 Measured reflectance spectra of the skin regions (solid line) and reflectance spectra predicted by Fourier 1262
analyses of dermal collagen fibres (dashed line). (a) Postorbital marking (PM) of the Trachemys scripta. (b)  Main median 1263
chin yellow stripe (CBC) of T. scripta. (c) Main bright stripe forelimb stripe of T. scripta. (d) PM region of Pseudemys 1264
concinna. (e) CBC region of P. concinna. (f) FLBS region of P. concinna. Grey rectangle denotes spatial frequencies 1265
relevant to coherent scattering in visible light, on the other hand lowever frequencies (to the left from the grey 1266
rectangle) are relevant to scattering in the infra-red part of light spectrum. Note that both measured reflectance and 1267
Fourier power are both normalised to have minimum zero and maximum one.1268
1269
Figure 16 Phylogeny of extant tetrapods [156] illustrating distribution of composition of colour-producing elements in 1270
the skin of tetrapods. All of the tetrapods may pose epidermal melanocytes in the epidermis. (a) composition of colour-1271
producing elements of amphibian larvae (on the left) is similar to that of fish. Basal lamina is underlined by layer of 1272
subepidermal collagen fibres beneath which are xanthophores, iridophores and melanophores/melanocytes located in 1273
the dermis. Adults of amphibians dermal xanthophores, iridophore and melanophores that may form dermal 1274
chromatophore units. (b) lepidosaurs pose similar organization of colour-producing elements to that of adults of 1275
amphibians. (c) birds do not pose any additional pigment cell type to the epidermal melanocytes. Birds are known to 1276
produce colour by organized collagen fibre arrays. Means of colour production of plumage are not depicted. (d) 1277
crocodiles pose dermal pigment cells: xanthophores, iridophores, melanocytes, that have not been reported to form 1278
continuous layers. Iridophores of crocodiles have been reported to not contain rectangular reflecting platelets. (e) 1279
turtles do pose in dermis continuous layers of single xanthophores in some regions, other regions may be characterized 1280
by presence of continuous double layer of xanthophores together with iridophore in the dermis, which have not been 1281
found underlined by melanophores/melanocytes in neither of the skin regions. Single continuous layer of dermal 1282
melanocytes has been found in turtles. Dermal collagen fibres participate in colour production of turtles (f) mammals do 1283
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not pose any additional pigment cell type to the epidermal melanocytes. Mammals are known to produce colour by 1284
organized collagen fibre arrays.1285
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4 GENERAL SUMMARY
We had shown that turtle colouration may be shaped by sexual selection1. It 
remains uncertain, however, whether turtle colouration is shaped by sexual 
selection directly. One could also entertain an alternative explanation, namely 
that since in turtles, mate choice by either sex does not seem to favour
conspicuous colouration and colouration seems to play no role in intrasexual 
communication, it is possible that conspicuous colouration plays no role in 
sexual selection. If that is so, only certain correlated traits, such as sexual size 
dimorphism and courtship behaviour, may be under sexual selection and 
colouration should be viewed as an epiphenomenon of these traits. In that 
case, sexual selection would drive evolution of conspicuous colouration only
indirectly. For instance, it could be that the growth patterns which result in 
sexual dimorphism constrain colour pattern formation or that the pleiotropic
effects of genetic loci which underlie certain behavioural traits are identical 
with loci that determine body colouration. 
In short, more research is needed to elaborate on our results and to 
disentangle the relations between ecological and behavioural factors which
determine the presence of conspicuous colouration in turtles. For example, 
since mate choice often results in sexual dichromatism, it might be useful to 
objectively measure the reflectance spectra of various turtle species, test for 
sexual dichromatism, and map the resulting measures of colour complexity on 
the phylogeny against other abovementioned traits. We should investigate not 
only the presence or absence of conspicuous colouration in turtles but also the 
general trends in covariation between colour complexity and sexually selected 
traits along the phylogeny of turtles. After all, there are as yet no experimental 
studies on the mate choice in turtles.
Results show that reptile colouration is a multicomponent signal on a 
number of distinct levels of organisation.2 The example of collagen fibre arrays 
shows that the nano-organisation of collagen fibres may have a primarily
thermoprotective function in the skin of turtles but when suitably organised,
collagen fibre arrays can also produce colour. Mechanisms of body colouration
differ dramatically even between closely related turtle species but these 
species share the individual constituent components of colouration. The 
1 STUDY 2
2 STUDY 3; STUDY 5
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example of lizards shows that a similar sharing of components of body 
colouration may apply even to molecular mechanisms. Polymorphism in lizards, 
i.e. qualitative categorical differences between groups of individuals within one
population, is maintained based on quantitative changes in pigment contents. 
The individual pigment types are shared among morphs and two genetic loci 
responsible for the variation in pigment types are shared as modules among 
different species. These results highlight the dynamic rather than absolute 
functioning of colour-producing components. If the function of colour in visual 
signalling were absolute, colour should represent an unambiguously specific
physiological state universally. It seems however, that any single component of 
body colouration represents different qualities of the physiological state, and 
that components combine to produce colour in different regions or different 
lineages in a unique way.
In Study 6, based on an example of colour polymorphism in vipers, I 
hypothesise that the agency of individual observers in an ecological community 
may play a role in a complex non-linear dynamics between 1) the diversity of 
similar organisms that share a community of receivers, 2) the perceptual and
behavioural variability of the community of receivers, 3) the morphological 
variability of the community of signallers and similar organisms, and 4) the 
overall nature of signallers from which iconicity emerges. In other words,
iconicity is a quantity which expresses the extent to which an organism is 
unambiguously recognisable by observers as representing just that particular 
organism with its properties. Bateson (1979) in his Mind and Nature viewed
information as the perception of difference which necessarily leads to a new 
difference (Bateson 1979). According to him, such difference is limited by a
threshold of either a morphological (‘differences that are too slight…’, p. 29) or 
temporal nature (‘differences … that are too slowly presented’, p. 29). Iconicity
may behave in a way somewhat similar to Bateson’s threshold of difference but 
without the limitation due to ‘slightness’ or ‘slowness’. Instead, the degree of 
iconicity is relational and results from interactions of the constituent parts, 
usually individuals belonging to the relevant community of signallers and
receivers, and their environment.
It has been shown in that the evolution of colouration may be driven by 
the agency of interacting individuals. This agency is constrained by the receptor
apparatus of observers as well as the morphology and physiology of signallers. 
Due to the multiple shared nodes of constituting processes as well as the
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intrinsic complementarity of seeing and appearing, the receptor apparatus may
co-evolve with colour-producing mechanisms. The social and evolutionary
results of interactions between individuals depend on the historical, ecological, 
social, as well as behavioural context. In biology, context is a crucial but vague 
concept because it changes together with all other living systems which 
coproduce a context and are affected by it. Biological meaning is a possible 
candidate for a notion that would capture what is shared among the agents 
that co-create contexts, secure the functioning of an organic closure, and
influence evolutionary trajectories3.
To conclude, multicomponency is a key factor that manifests itself on 
various levels of organisation of reptile signalling by colouration, from
mechanisms of production to functions that signle ornament can have. Thanks 
to their skin composition, turtles and reptiles are a valuable source of our 
knowledge of the evolution of multicomponent visual signalling. Because of
their evolutionary origin, reptiles and turtles may be the ideal groups to 
compare with birds and mammals, where our understanding of their behaviour 
and communication may be more burdened by our own, human, perception of 
reality. Moving away from an understanding of colour signals as 
monocomponent indicators, a focus on multicomponent signalling as dynamic
and relative processes seems to represent the future direction in the study of 
animal communication.
3 STUDY 1
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